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PREPARATION, CHARACTERIZATION AND EFFICIENCY 
DETERMINATION OF EASY-TO-CLEAN AND ANTIBACTERIAL 
POLYMERIC COATINGS 
SUMMARY 
Thin film polymeric coatings are widely used in coating industry due to offering 
highly tailored products, being cost effective and improving surface properties such 
as abrasion, chemical resistance and visual properties. Considering the usage of 
polymeric thin film coatings in various sectors such as automotive industry, 
electronics, optics, packaging, construction, white goods, and many others, it is 
obvious that they have taken place of conventional coatings rapidly.  
Cleaning the surfaces is the main tiring and time-consuming operation in daily life 
especially building and automobile exteriors, street walls, some home appliances 
surfaces, window glass, etc. Easy-to-clean coatings can be defined as important 
labor-saving and also environmental friendly technology. Because easy-to-clean 
treated materials have the capability of easier removing of dirt from the surfaces 
using small amount of water and do not need any heavy, abrasive cleaning 
agents/detergents in order to clean the surfaces. It should be noted that easy cleaning 
capability of the surfaces also helped to prevent bacteria build up and spread on the 
surfaces. Bacterial growth on surfaces may cause not only health problems but also 
aesthetic problems such as discoloration of the surfaces. Considering above 
mentioned expectations for the surfaces and coming to a solution, it is understood 
that there was an essential need for a multifunctional coating technology. 
In this study, several formulations of multifunctional coatings that offer both easy-to-
cleanability and antibacterial efficiency were developed for glass substrates. Both 
hydrophobicity and oleophobicity must be provided at the same time in order to 
develop easy-to-clean coatings. For this purpose, tetraethyl orthosilicate (TEOS), 
methyltriethoxysilane (MTES) and two types of fluorosilanes were used in sol-gel 
system in order to obtain easy-to-clean effect. ZnO nanoparticles suspension was 
also used in coating formulation to obtain antibacterial effect. 
In the first system, a nonfluorinated coating that contains only TEOS and MTES with 
a mol ratio of 1:1 was prepared. Coating application was carried out by means of 
spin coating method. Then, curing operation of the coated samples were performed at 
various temperatures (60°C, 80°C, 100°C and 120°C) for various durations (15, 30, 
45 and 60 minutes) in order to investigate the optimum curing condition.  
After curing step, cross-linking completion was tested for each sample and it was 
observed that the curing conditions of 60°C for 45 min, 80°C for 30 min and 100°C 
for 15 min were applicable for this system.  However, the temperature of 80°C and 
the curing duration of 30 minutes were preferred as the optimum curing condition, 
regarding the operating of the curing process at a lower temperature for a shorter 
xxiv 
 
curing time. In this way, energy and time savings were provided together for curing 
step of the coatings.  
FTIR analysis was performed for the nonfluorinated coating and the most intense 
~1040 cm
-1
 band in this spectrum is attributed to Si-O-Si stretching vibration. 
Observation of these molecules that come from TEOS and MTES, indicated that it 
succeeded to achieve desired chemical structure (Si-O-Si network) for the coating 
material. 
The main objective of this study is to prepare an easy-to-clean coating that comprises 
fluorosilane compound. Therefore, two types of fluorosilanes compounds that are 
rich in fluorosilane and diluted fluorosilane were used respectively in different 
coating formulations in order to improve the hydrophobicity and oleophobicity 
features (easy cleanability) of the coatings with the aid of fluorine groups. 
Additionally, the coatings that contain various mol ratios of TEOS:MTES (1.5:1 and 
1:1.5) were also prepared. The same curing conditions and same cross-linking test 
were also conducted for all samples. Results show that the temperature of 80°C and 
the curing duration of 30 minutes are all applicable for this system. 
FTIR analysis was conducted for all samples and then, contact angle measurements 
(with deionized water and diiodomethane), surface free energy calculations (by 
means of deionized water, diiodomethane and glycerol), transmission, haze, clarity 
measurements, adhesion, scratch, abrasion resistance (dry and with acidic, basic 
detergents) tests were performed for all samples. It was deduced that the coating 
formulation that comprise higher amount of fluorosilane, with a mol ratio of 1:1 for 
TEOS:MTES, exhibited best performance according to all analysis and test results. 
Therefore, SEM-EDS, AFM, easy-to-cleanability and antibacterial efficiency tests 
were carried out for only this coating formulation. 
In FTIR spectrum of the coating material that contains higher amount of fluorosilane, 
the most intense 1071 cm
-1
 band is attributed to Si-O-Si stretching vibration. Si-CH3, 
CF2 and CF3 bonds were observed in the range of 890-740 cm
-1
 and 1420-1150 cm
-1
, 
respectively. CF2 and CF3 bonds decrease the surface free energy and consequently 
give easy-to-cleanability feature to the coating. The relative amounts of Si (52.1%), F 
(1.0%) and Zn (1.2%) elements, that exhibit easy-to-cleaning and antibacterial 
effects on the coated surfaces, were also observed by means of SEM-EDS analysis of 
the coating material. According to AFM images of the samples, it can be said that 
rough structures at nano scale were formed on the coated glass and this 
nanoroughness was also well distributed on the coating surface. These rough 
structures are not presence on the uncoated glass surface.  
Contact angle and surface free energy results showed that the coatings which 
comprise higher amount of fluorosilane had enhanced hydrophobicity and 
oleophobicity compared to nonfluorinated coating formulation. It was also observed 
that, the coating that comprises higher amount of fluorosilane, had higher deionized 
water (97.6°), diiodomethane contact angle values (72.2°) and lower surface free 
energy value (22.9 mJ/m
2
) than that of the nonfluorinated coating.  
It was also observed that, the coating that comprises higher amount of fluorosilane, 
had higher contact angle and lower surface free energy values than that of the coating 
that includes diluted type of fluorosilane. These results indicate that higher amount of 
fluorosilane containing coatings provided to achieve higher contact angle values for 
the surfaces. Contact angle measurements were also conducted for the coatings that 
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contains different mol ratios of TEOS and MTES in order to evaluate the effect of 
TEOS:MTES mol ratio on hydrophobic and oleophobic behaviors of the coatings. It 
was deduced that TEOS:MTES ratio, which is lower or higher than 1, negatively 
affect the hydrophobic and oleophobic behavior of the coated surfaces. On the other 
hand, the coating that was prepared with the mol ratio of 1:1.5 has higher contact 
angle value (better water repellency) comparing to that of other coating formulation 
(1.5:1). This situation can be explained by means of CH3 groups’ (in MTES) 
contribution to the water repellency feature of the coating. These results also indicate 
that the coating formulation, that contains TEOS, MTES with a mol ratio of 1:1 and 
higher amount of fluorosilane compound, is the best choice (the most efficient 
coating formulation for developing both hydrophobic and oleophobic (easy-to-clean) 
coating formulations according to the studies that were conducted within this thesis. 
Contact angle values were also measured for all samples in order to evaluate the 
effect of various curing conditions on surface behavior. These results are in 
agreement with the solvent immersion test results.  
According to transmission, haze and clarity measurement results of the most efficient 
coating formulation, it is obvious that it was an appropriate coating to be applied 
onto glass surfaces with a transmission of 72%, haze of 0.7% and clarity of 100% 
like uncoated glass. These results mean that, the suggested coating formulation did 
not change the original appearance (optical properties) of the glass as well. Adhesion 
of the coating material to substrate was also tested by tape test and it can be said that 
this coating material exhibited good adhesion to glass surfaces. The mechanical 
resistance of coated surfaces was tested by means of scratch and abrasion resistance 
tests and it was observed that the scratch resistance of the coated samples was good 
(10 N). Coated samples are also abrasion-scrub resistant although they were rubbed 
for many times by an abrasive pad without and with detergent (acidic and basic). It 
was observed that the coated surface had preserved its water and oil repellency 
features by means of contact angle measurements even after this test. 
After the test results of both solvent (ethanol, methanol and acetone) immersion and 
wet abrasion-scrub resistance tests with acidic and basic detergents, there was no 
changing of chemical and physical properties of the coated surfaces. Therefore it can 
be concluded that the coated samples are chemically stable due to having cross-
linking structure. 
In stain resistance (soiling) test, it was observed that the dirt repellency and 
consequently easy to cleanability feature of the coated samples were better after 
twelve days aging at the temperatures of 25°C and 4°C comparing to uncoated 
samples. Easy-to-cleanability test results shows that, the coating, that was prepared 
within this study, could give easy-to-clean feature to the surfaces thanks to the 
cleanability in a short time without using any detergent. 
In antibacterial efficiency test, the viable bacteria number was counted and the log 
reduction values were found 3.4 and 2.2 for E.coli and S.aureus, respectively. 
Results show that the coating had an efficient antibacterial feature.  
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KOLAY TEMİZLENEBİLEN VE ANTİ-BAKTERİYEL POLİMERİK 
KAPLAMALARIN HAZIRLANMASI, KARAKTERİZASYONU VE 
ETKİNLİKLERİNİN BELİRLENMESİ 
ÖZET 
Polimerik kaplamalar, farklı ihtiyaçlara cevap verebilecek ürünlere 
uygulanabilmeleri, maliyet avantajı sağlamaları ve uygulandıkları malzemelerin 
yüzey özelliklerini iyileştirmeleri (aşınma, kimyasala dayanım, görünüş özellikleri 
vb.) gibi özellikler sunmalarından dolayı kaplama endüstrisinde yaygın olarak 
kullanılmaktadır. Bu kaplamaların otomobil endüstrisi, elektronik, optik, 
ambalajlama, inşaat, beyaz eşya gibi çeşitli sektörlerde yaygın bir şekilde kullanıldığı 
düşünüldüğünde, bu tip kaplamaların günden güne hızlı bir şekilde konvansiyonel 
kaplamaların yerini almakta olduğu açık bir şekilde görülmektedir.  
Bina, otomobil dış yüzeyleri, sokak duvarları ve pencere camları gibi yüzeylerin 
temizlenmesi, günlük yaşantımızdaki en yorucu ve zaman alıcı işlemlerden 
bazılarıdır. Kolay temizlenebilen kaplamalar, temizleme işlemi sırasında işgücünden 
tasarruf sağlayan ve aynı zamanda çevre dostu olan önemli bir teknoloji olarak 
tanımlanmaktadır. Çünkü kolay temizlenebilen kaplamalı malzemeler, kirliliklerin 
yüzeyden az miktarda su ile kolayca uzaklaştırılmasını sağlarlar ve bu işlemi 
gerçekleştirirken de sert ve aşındırıcı temizleme ajanlarının/deterjanların kullanımına 
gerek duymazlar. Yüzeylerin kolay temizlenebilme özelliğinin, aynı zamanda yüzey 
üzerinde oluşan bakterilerin çoğalmasını ve yayılmasını önlemeye de katkı sağladığı 
unutulmamalıdır. Yüzeyler üzerinde bakterilerin çoğalması, hem sağlık sorunlarına 
hem de estetik kaygılara sebep olabilir. Yüzey temizliği ile ilgili bahsedilen tüm bu 
problemlerin çözümlenmesi ve son kullanıcının bu konudaki beklentilerinin 
karşılanabilmesi göz önünde bulundurulduğunda, çok fonksiyonlu bir kaplama 
teknolojisine ihtiyaç duyulduğu görülmektedir. 
Bu çalışmada, cam yüzeyler için çeşitli formülasyonlarda, kolay temizlenebilen ve 
aynı zamanda anti-bakteriyel etkiye sahip olan çok fonksiyonlu kaplamalar 
geliştirilmiştir. Kolay temizlenebilen bir kaplama elde edebilmek için, bir yüzeyde 
hidrofobiklik (su sevmeme) ve oleofobiklik (yağ sevmeme) özelliklerinin aynı anda 
sağlanabilmesi gerekmektedir. Bu nedenle, kolay temizlenebilen bir kaplama elde 
edebilmek için tetraetil ortosilikat (TEOS), metiltrietoksisilan (MTES) ve iki farklı 
türde florosilan malzemeleri (florosilan bakımından zengin ve seyreltik miktarda 
florosilan içeren) sol-jel sisteminde kullanılmıştır. ZnO nano tanecik içeren bir 
süspansiyon da kaplama formülasyonu içerisinde kaplamaya anti-bakteriyel özellik 
katmak için kullanılmıştır.  
İlk formülasyonda, içeriğinde 1:1 mol oranında TEOS ve MTES bulunan ve florlu 
bileşik (floroalkilsilan) içermeyen bir kaplama hazırlanmıştır. Kaplamanın yüzeye 
uygulanması döndürme ile kaplama yöntemiyle yapılmıştır. Kaplama 
uygulamasından sonra, en uygun kürleme sıcaklığının belirlenebilmesi için, 
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kaplanmış yüzeyler çeşitli sıcaklıklarda (60°C, 80°C, 100°C ve 120°C) farklı 
sürelerde (15, 30, 45 ve 60 dakika) kürlendirilmiştir.  
Kürlenme sonrası kaplanmış yüzeylerde çapraz bağlanma oluşumu test edilmiş ve 
60°C’de 45 dakika, 80°C’de 30 dakika ve 100°C’de 15 dakika kürlendirme 
koşullarının bu sistem için uygulanabilir olduğu sonucuna varılmıştır. Ancak 
kürleme prosesini en uygun koşullarda gerçekleştirebilmek için 80°C sıcaklık ve 30 
dakikalık kürleme süresi optimum kürleme şartı olarak seçilmiştir. Bu seçim, 
kürleme işleminin daha düşük sıcaklıklarda ve daha kısa sürelerde yapıldığı koşullar 
dikkate alınarak gerçekleştirilmiştir. Böylelikle, kaplamaların kürleme aşaması için 
enerji ve zamandan tasarruf sağlanması amaçlanmıştır. 
Flor içermeyen kaplamanın FTIR analizi yapılmış ve spektrumdaki en şiddetli 
bandın (~1040 cm-1) Si-O-Si gerilme titreşimine ait olduğu belirlenmiştir. TEOS ve 
MTES bileşenlerinden gelen bu moleküllerin FTIR spektrumunda gözlemlenmesi, 
kaplama malzemesi içerisinde istenilen kimyasal yapıyı (Si-O-Si ağ örgüsü) elde 
etmede başarılı olunduğunu göstermektedir. 
Bu çalışmanın ana amacı, florosilan içeren kolay temizlenebilen bir kaplama 
hazırlamaktır. Bu nedenle,  flor gruplarının katkısıyla kaplamanın hidrofobik ve 
oleofobik özelliğini (kolay temizlenebilme) geliştirebilmek için iki farklı türde 
florosilan bileşikleri kullanılmıştır. Ek olarak, çeşitli mol oranlarında TEOS:MTES 
(1.5:1 ve 1:1.5)  içeren kaplamalar da hazırlanmıştır. Benzer kürlenme koşulları ve 
çapraz bağ oluşumunun tamamlanmasının kontrol edildiği test yöntemleri tüm 
örneklere uygulanmıştır. Elde edilen sonuçlar, 80°C’de 30 dakika kürlenme 
koşulunun tüm sisteme uygulanabileceğini doğrulamıştır. 
FTIR analizi tüm örnekler için tekrarlanmış ve sonra temas açısı ölçümleri 
(deiyonize su ve diiyodometan ile), yüzey serbest enerjisi hesaplamaları (deiyonize 
su, diiyodometan ve gliserol ile), geçirgenlik, bulanıklık, berraklık ölçümleri, 
adezyon, çizilme, aşınma dayanımı (kuru ve asidik, bazik deterjanlarla temizleme) 
testleri tüm örnekler için yapılmıştır. Bu testler sonucunda, 1:1 mol oranında 
TEOS:MTES  ve yüksek miktarda florosilan içeren kaplama formülasyonunun en iyi 
performansı sergilediği görülmüştür. Bu nedenle SEM-EDS, AFM, kolay 
temizlenebilirlik ve anti-bakteriyel etkinlik testleri sadece bu kaplama formülasyonu 
için yapılmıştır. 
Yüksek miktarda florosilan içeren kaplamanın FTIR analizi yapılmış ve 
spektrumdaki en şiddetli bandın (1071 cm-1) Si-O-Si’nin gerilme titreşimine ait 
olduğu saptanmıştır. Si-CH3, CF2 ve CF3 bağları ise sırasıyla 890-740 cm
-1
, 1420-
1150 cm
-1
 bant aralıklarında gözlemlenmiştir. Kaplamanın yüzey serbest enerjisini 
düşürerek kolay temizlenebilme özelliği kazandıran floroalkilsilan kaynaklı CF2 ve 
CF3 moleküllerinin bu analizde belirgin bir şekilde görülebiliyor olması, kaplama 
için hedeflenen kimyasal yapının oluşturulmasında başarılı olunduğunu 
göstermektedir. 
Kaplamanın kolay temizlenebilme, anti-bakteriyellik gibi özelliklere sahip olmasını 
sağlayan Si (%52.1), F (%1.0) ve Zn (%1.2) elementlerinin bağıl miktarları SEM-
EDS analizleri ile belirlenmiştir. Örneklerin AFM görüntüleri incelendiğinde, 
kaplanmış yüzeylerde nano boyutta pürüzlü yapıların oluştuğu ve pürüzlülüğün 
yüzeyde homojen bir şekilde dağılmış olduğu gözlemlenmiştir. Bu pürüzlü yapıya 
kaplamasız cam üzerinde rastlanmamıştır. 
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Temas açısı ve yüzey serbest enerjisi sonuçları, yüksek miktarda florosilan içeren 
kaplamanın hidrofobik ve oleofobik özelliğinin florosilan içermeyen kaplamaya göre 
daha iyi olduğunu ortaya koymaktadır. Ayrıca yüksek miktarda florosilan içeren 
kaplamanın florosilan içermeyen kaplamaya göre daha yüksek temas açısı 
değerlerine (deiyonize su: 97.6°, diiyodometan: 72.2°) ve düşük yüzey serbest 
enerjisine (22.9 mJ/m
2) sahip olduğu da hesaplanmıştır.  
Ayrıca yüksek miktarda florosilan içeren kaplamanın az miktarda florosilan içeren 
kaplamaya göre daha yüksek temas açısı ve dolayısıyla daha düşük yüzey enerjisi 
değerine sahip olduğu görülmüştür. Farklı TEOS ve MTES mol oranlarının 
kaplamanın hidrofobik ve oleofobik özelliklerine etkisini inceleyebilmek için çeşitli 
mol oranlarında TEOS ve MTES içeren kaplamalar için de temas açısı ölçümleri 
tekrarlanmıştır. Bu sonuçlara göre, kaplama formülasyonundaki TEOS:MTES oranın 
1’den büyük ya da küçük olmasının, kaplanmış yüzeyin hidrofobik ve oleofobik 
özelliğini olumsuz etkilediği söylenebilmektedir. 1:1.5 mol oranında hazırlanmış 
kaplamanın 1.5:1 mol oranındakine göre temas açısının yüksek olması (daha iyi su 
itebilmesi), MTES’te bulunan CH3 gruplarının kaplama yüzeyinin su itme özelliğine 
katkı sağlamasıyla açıklanmaktadır. Bu çalışma kapsamında elde edilen sonuçlar 
doğrultusunda, 1:1 mol oranında TEOS:MTES ve yüksek derişimde florosilanın 
kullanıldığı kaplamaların, cam yüzeylerde su itici ve yağ itici bir yapının elde 
edilebilmesi için en uygun formülasyon olduğu önerilmektedir. 
Örneklerin temas açısı değerleri, kürleme koşullarının yüzeyin hidrofobik ve 
oleofobik özelliğine etkisini incelemek amacıyla da ölçülmüştür. Elde edilen bu 
sonuçların, çeşitli solventler içerisine daldırma testi sonuçları ile uyumlu olduğu 
sonucuna varılmıştır. 
Kaplanmış camın geçirgenlik, bulanıklık ve berraklık ölçümü sonuçlarına göre (%72 
geçirgenlik, %0,7 bulanıklık ve %100 berraklık) bu kaplamanın cam yüzeyler için 
uygun bir kaplama formülasyonu olduğu anlaşılmıştır. Kaplamanın cam yüzeye olan 
tutunması, bant ile adezyon testi yapılarak kontrol edilmiş ve bu kaplamanın cam 
yüzeye yapışmasının da iyi olduğu bulunmuştur. Kaplanmış örneklerin mekanik 
testleri sonucunda, çizilme direncinin iyi (10 N) olduğu bulunmuştur. Kaplanmış 
örneklerin aşınma testi için de, test standardına uygun aşındırıcı bir ped ile 
deterjansız ve deterjanlı (asidik ve bazik) olarak birçok kez silinmiş olması 
sonucunda, aşınma-silme dayanımına da sahip olduğu sonucuna ulaşılmıştır. Ayrıca 
kaplanmış yüzeyler aşınma sonrasında bile su ve yağ itici özelliğini korumuştur. 
Kaplanmış örneklerin solvent (etanol, metanol ve aseton) içerisinde bekletilmesi ve 
çeşitli asidik ve bazik deterjanlarla aşındırılarak silinmesi, bu örneklerin fiziksel ve 
kimyasal özelliklerini değiştirmemiştir. Bir diğer deyişle, kaplamanın kimyasal 
olarak stabil olduğu söylenebilmektedir.  
Leke direnci (kirlendirme) testinde, kaplamanın kir iticiliği dolayısıyla kolay 
temizlenebilme özelliğinin, 25°C ve 4°C sıcaklıklarında yirmi gün yaşlandırma 
sonrası dahi, kaplamasız cama göre daha iyi olduğu görülmüştür. Bu test sonuçları, 
kaplanmış yüzeylerin herhangi bir deterjan kullanımına gerek duyulmadan kısa süre 
içerisinde temizlenebilmesi ile yüzeylere kolay temizlenebilirlik özelliğini kattığını 
ortaya koymaktadır. 
Anti-bakteriyel etkinlik testinde ise, yaşayan bakteri sayısındaki logaritmik azalma 
değeri E.coli ve S.aureus için sırasıyla 3.4 ve 2.2 olarak bulunmuştur. Bu sonuçlar, 
kaplamanın etkin bir anti-bakteriyel özelliğe sahip olduğunu göstermektedir. 
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1. INTRODUCTION 
Polymers are very long chain macromolecules and consist of repeating structural 
units of hundreds or thousands of atoms that are linked each other. A coating is also a 
covering that is applied onto a surface to obtain thin continuous layer on the 
substrate. Polymeric materials are widely used in coating applications due to their 
miscellaneous features, cost effectiveness and highly tailored production. Polymeric 
compounds and mixtures which are high molecular weighted and consist of repeating 
units and also that are used in order to coat some surfaces are also known as 
polymeric coatings. 
Surface coating applications are widely known as an enabling technology of major 
importance in the successful and efficient usage of materials in scientific and 
technological practices. Especially application of thin film coatings can offer 
versatile opportunities to the surfaces such as good optic properties, transparency 
(not changing the original appearance of substrates), electroluminescence, surface 
flexibility (due to having polymeric chains) and many others (Rancourt, 1996; 
Holmberg and Matthews, 2009; Caruta, 2005). They can also present cost 
effectiveness due to using small quantities of raw materials and during coating 
application cost reduction is also provided by means of using less amount coating 
solution in order to coat the substrates (Chow et al., 2000). 
Polymeric coatings can be obtained as lower than micro scaled structure. So, in many 
cases thin film polymeric coatings are used to improve some surface properties of the 
substrate, such as scratch resistance, appearance (gloss or matte), adhesion, 
corrosion, wear and abrasion resistance. Considering these kinds of coatings, the 
main expectations of consumers are protecting the surface of the objects used and 
enhancing the surface appearance. 
Recently, consumers’ needs are growing and technology is also developing day by 
day and so it is expected that coatings to offer consumers new properties and several 
functionalities. In this way, consumers can gain advantages of coatings such as 
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making daily life easier, achieving long lastingness on surfaces and overcoming 
health issues in daily life.  
Functional polymeric coatings provide some opportunities of advanced functional 
performance of existing products unlike conventional coatings. They are found usage 
area in a broad range of applications, including textile, construction, architecture, 
home appliances, automotive industry, and some medical applications. Functional 
polymeric coatings are growing great interest due to the way they can add value to 
conventional coatings by upgrading of conventional materials, enhancing product 
performance, and offering new opportunities for existing finishes. They are also 
potential products, as well as the creation and preparation of new, advanced and 
innovative materials in coating industries. Self-healing, photocatalytic, anti-fogging, 
anti-icing, self cleaning and easy-to-clean (ETC), antifouling, antibacterial, antimold, 
and antifungal coatings are some of functional coatings that have wide range of 
potential uses. 
The general need and desire to keep surfaces clean has been with us for long time. 
Therefore, dirt repellent coatings and improving new formulations for ETC surfaces 
gained strong attention and various coating formulations are developed for the last 
few years. Because of the wide range of possible applications, from street walls, 
watertight body of marine vessels, window glass and to textiles, easy to cleaning 
coatings may become an important labor-saving device. 
ETC coatings have been developed for glass and other inorganic substrates 
commonly based on some alkoxides, organosilicons or fluoroalkylsilanes. The 
advantages of these ETC materials are to provide that dirt was easily removed from 
surfaces in a short time without any need of manual effort and enable no need to use 
aggressive cleaning agents in cleaning operations.  
So many harsh and abrasive detergents and some solvents that are not ecologically 
friendly are used in cleaning maintenances, both in industry and domestically. They 
also damage the environment as a result of using them to clean the stains on the 
surfaces. The main advantage of ETC surfaces is carrying out cleaning operations 
without any need of abrasive and strong cleaners. Improving the new formulations 
for obtaining ETC coatings, it is provided not only labor-saving surfaces but also 
ecologically friendly products. 
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On the other hand, microbial growth on many surfaces is also one of the most 
important problems in daily life. Microorganisms such as fungi and bacteria present 
potential threats for our hygienic lifestyle and the need of living in bacteria free 
environment is a growing desire for people, especially in hospitals, kitchens, 
bathrooms and many other places. On the other hand, bacterial growth on surfaces 
may cause aesthetics problems such as discoloration of the surfaces and may be risky 
for our health and hygiene issues. 
Therefore, there is an urgent need for alternative technologies to inhibit the bacterial 
growth on the surfaces. Many researchers have focused on investigating of 
incorporation of some antibacterial agents in coating preparation systems and as a 
result, these kinds of methods have attracted a great deal of attention in recent years. 
Especially, nanosized inorganic particles such as ZnO, TiO2 that possess high surface 
area/volume ratio are much more preferred, due to displaying unique physical and 
chemical properties for obtaining antibacterial finishes. 
In this thesis, several coating formulations including easy-to-cleanability and 
antibacterial efficiency features together were developed for tempered glass 
substrates and these coating formulations were characterized by means of FTIR, 
SEM and AFM. Contact angle measurements and surface free energy calculations 
were done in order to evaluate the easy-to-cleanability characteristics of the coated 
samples. Transmission, haze and clarity measurements were performed to control the 
surface transparency. For evaluating mechanical resistance of the coating scratch, 
abrasion-scrub resistance (dry and with detergents) and adhesion tests were 
conducted. Easy-to-cleanability tests were also performed sample at both room 
temperature (25°C) and 4°C with several soiling food. Lastly, antibacterial efficiency 
test was conducted against E.coli and S.aureus bacteria. 
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2. POLYMERIC COATINGS 
2.1 Polymeric Coatings and Applications 
Polymeric coatings consist of long polymeric chains. Due to their variety of 
properties, they are widely used in several coating applications and they can also 
offer tailor made products, enhanced thermal properties, surface flexibility and 
durability. Furthermore, they can be used to enhance some aesthetic issues of the 
surfaces (Jones et al., 2004; Gu et al., 2004). 
Lots of polymeric materials can be used as coatings such as natural and synthetic 
rubbers, polyvinyl chloride, polyurethane, acrylics, polyester-melamine epoxy, 
silicon, phenolic resins, nylon 11, nitrocellulose lacquers and many others (Fung, 
2002; Patrick, 2004; Meier, 2007; Wicks et al., 2007; Gardziella et al., 1999; 
Deshpande et al., 2000; Berndt et al., 2001; Koleske, 1995). 
Polymeric coatings can be classified based on compound types in their structures, 
their solvent type, optical properties, film thickness and many others. There are three 
main classes for classifying with respect to compound types in coating structure such 
as inorganic, organic and hybrid polymeric coatings. 
Inorganic materials have compounds that lacked carbon and hydrogen atoms in 
contrast to organic compounds. Inorganic coatings, like ceramic coatings and 
enamels, are mainly applied for protective purposes, while organic coatings have 
both functional, such as protection, and decorative functions (Yağcı, 2012). For 
instance, polyethylene and polypropylene are some examples of organic polymeric 
coatings and they can be used in pipeline systems to provide mechanical resistance 
and corrosion protection (Gup, 2005). Silica based coatings are also some examples 
of inorganic coatings that can be used for obtaining porous surface structure 
(Iwasawa et al., 2001; Kumar, 2009). 
Hybrid polymeric coatings have become a unique alternative with their unusual 
features for surfaces in coating industry. The possibilities to combine the 
characteristics of organic with inorganic structures and tailoring the properties of 
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new products have emerged during the last couple of decades. With the availability 
of a range of inorganic silicon based raw materials, with a variety of functional 
organic and inorganic groups, new materials have been developed in different fields 
of the coating industry. The properties of these new materials are showing in many 
cases surprising improvements, which are beyond the cumulative properties from 
both chemistries of structure (Wicks et al., 2010; Keijman, 2002; Frings, 1999). 
Inorganic coatings have chemically inertness, temperature, UV and abrasion 
resistance, hardness, scratch resistant, good adhesion to substrate. On the other hand, 
organic coatings have flexibility, toughness and gloss.  
Polymeric coatings can be also classified according to the solvent type in their 
formulations such as water and solvent base. In water based coating systems the 
reaction medium is water and all component react with each other in water medium. 
On the other hand, the reaction medium can be a solvent and the components in 
reaction systems react with each other in this solvent such as ethanol, methanol etc. 
After curing of the coating, a cross-linked structure is obtained (Davison, 2003). 
Considering film thickness, polymeric coatings can be subdivided into two main 
groups such as thick and thin film forms. Thin film coatings are ranging from 
fractions of a nanometer to several micrometers in thickness whereas thick films 
have thickness that is larger than micrometers. This classification type is going to be 
explained in detail in next section (Caruta, 2005; Tsakalakos and Chow, 2000). 
Due to exhibiting miscellaneous properties, polymeric coatings can be also used for 
wide variety of applications. For instance, rubbers and polyvinyl chloride in fabric 
coating, polyurethane in wood and furniture coating, porous silicon coatings, acrylics 
in drug industry to produce enteric coatings and automotive industry to obtain good 
exterior durability for the outer surfaces of automobiles. It should be noted that, up to 
mid-1950s, nitrocellulose lacquers had been the major automotive coatings in use. 
Nitrocellulose coated surfaces gave an excellent original coating appearance but had 
poor durability, particularly gloss retention, and required frequent polishing by the 
car owner for the finish to look good. This problem was eliminated in 1956 when 
General Motors adopted poly(methyl methacrylate) (PMMA) based acrylic lacquers 
(Patrick, 2004; Meier, 2007; Pulker et al., 1999; Jones, 2004; Koleske, 1995; Poth, 
2008; Caruta, 2005). 
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Nylon 11 has been also widely used as a coating because of its combination of low-
temperature flexibility, low friction coefficient, high mechanical strength and 
chemical resistance (Berndt et al., 2001). Epoxy-based coatings exhibit good 
adhesion in the presence of water or water vapor and it is also highly resistant to 
saponification.  
Silicon and fluorinated resins have high resistance to both thermal degradation and 
photoxidation. The cost of these coatings are high, especially fluorinated resins, but 
both of them have also outstanding exterior durability (Wicks et al., 2007). 
Porous silica also exhibits biocompatibility. The large surface area due to porous 
structure, it enables organic molecules to adhere well. So it can be used in medicine 
such as carrier system for drugs (Nolan, 2010). It is also used to obtain hydrophobic 
antireflective coatings and many others (Philipavičius et al., 2008; Jia, 2005). 
Polytetrafluoroethylene (PTFE) has the greatest exterior durability and heat 
resistance of any polymer used in coatings. They are also used in non-stick cookware 
applications (Wicks et al., 2007). 
There are lots of polymeric coatings that can be used in many applications and only 
some examples of these coatings are described in this section. These coatings can be 
also obtained in thick or thin film form, depending on desired properties of the 
finishes, as mentioned earlier. In recent years, especially functional thin film coating 
technology is advancing day by day. 
2.2 Thin Film Coating Technologies 
Today the technology is developing at an increasingly rapid rate. As a result of this, 
it is possible to obtain surfaces that can exhibit miscellaneous features by coating 
application even in thin film form. Thin film is a structure that exhibits 
continuousness of nano sized crystallites and also defined as a low-dimensional 
material created by condensing, one-by-one, atomic/molecular/ionic species of 
matter. They have film properties of lower than micro scaled structure (Karakaş et 
al., 2008; Wasa et al., 2004). 
Thin film processing is currently has growing interest due to their fundamental and 
practical significance. Thin film materials also possess unique performance attributes 
that make them useful for a variety of applications. Film properties (for example, 
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kinetic, catalytic, and sensor properties) may differ qualitatively, and bear no 
relationship to the original material. So it can be said that, the dimension of nano 
clusters has also played significant role in nanocomposites for determining film 
properties such as film composition and thickness. Additionally, many physico-
chemical characteristics of the films are also dependent on cluster size (Bach and 
Krause, 2003; Jagadish and Pearton, 2006; Pierre, 1998). 
Furthermore, small amount of coating materials are used in thin films and it is also 
easy and quick to process coating. The other main advantage of using of thin film is 
enabling to coat large and irregularly shaped surfaces (Chow and et al., 2000; Caruta, 
2005). 
Several applicable methods to coat surfaces are being developed based on 
innovations in coating technology such as physical vapor deposition (PVD), 
chemical vapor deposition (CVD), and their variants. In this study, only CVD, PVD 
and sol-gel techniques are going to be dealt briefly (Bach and Krause, 2003; Mattox, 
1998; Seshan, 2002). 
2.2.1 Physical vapor deposition (PVD) 
PVD is a kind of vacuum deposition process and it is used to produce and deposit 
thin films onto several surfaces, for example semiconductor wafers (Powell and 
Rossnagel, 2009). This coating technology is consist of purely physical processes 
such as high temperature vacuum evaporation with subsequent condensation, or 
plasma sputter bombardment rather than involving a chemical reaction at the surface 
to be coated (Rancourt, 1996; Chow et al., 2000). In this coating technology, coating 
material is vaporized from a solid or liquid source in the form of atoms or molecules 
and transported in the form of a vapor through a vacuum or low pressure gaseous (or 
plasma) environment to the substrate and then it is condensed on the substrate. 
Generally, PVD process is used to deposit films with nano thickness ant it also 
enables to obtain multilayer coatings, free standing structures and graded deposition 
deposits (Mattox, 1998). 
PVD method is classified based on the different source of energy for deposition stage 
such as evaporation, in which thermal energy is used to heat and evaporate the target; 
sputtering, in which plasma is used to sputter the target and direct ions to redeposit 
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onto the substrate, electron beam or ion beam; or laser deposition, in which the 
energy source to sputter target is either an electron beam or ion beam. 
On the other hand, it should be noted that PVD technique was required some 
expensive methods, conditions (e.g. vacuum) and equipments. Therefore its usage is 
limited for wide variety of application due to cost concerns (Guo and Tan, 2009; 
Bach and Krause, 2003). 
2.2.2 Chemical vapor deposition (CVD) 
CVD is a chemical method is also used to obtain high purity and high performance 
thin films. This method involves the dissociation or chemical reactions of gaseous 
reactants in an activated (light, heat, plasma) environment, followed by the formation 
of a stable solid product. The deposition involves homogeneous gas phase reactions, 
which occur in the gas phase, or heterogeneous chemical reactions which occur 
on/near the vicinity of a heated surface leading to the formation of powders or films, 
respectively. Though, CVD technique has been used to produce ultrafine powders 
(Choy, 2003; Pierson, 1999). 
CVD has numerous names other names and adjectives associated with it such as 
vapor phase epitaxy (VPE) when CVD is used to deposit single crystal films, 
metalorganic CVD (MOCVD) when the precursor gas is a metalorganic material, 
plasma-enhanced CV (PECVD) when a plasma is used to induce or enhance 
decomposition and reaction and low pressure CVD (LPCVD) when the precursor is 
less than ambient (Mattox, 1998). 
Physical and chemical deposition methods are commonly used in order to produce 
thin films (Klein, 1988). However, they are required expensive exciting methods 
(e.g. vacuum, radio waves, electron and magnetron) and equipments. Thus, physical 
and chemical vapor deposition methods are not commonly preferred for coating glass 
and ceramic substrates that are commonly used in daily life (Bach and Krause, 2003). 
2.2.3 Sol-gel method 
A sol is a stable suspension of colloidal solid particles within a liquid. A gel is a 
porous three dimensionally interconnected solid network. This network is in a stable 
fashion throughout a liquid medium and it is only limited by the size of the container. 
The solid network is made of colloidal sol particles, the gel is called as colloidal. If 
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the solid network is made of sub-colloidal chemical units, the gel is also called as 
polymeric. In this thesis, the sol-gel system that made up from polymeric gel was 
investigated (Stenzel, 2002; Pierre, 1998).  
Sol-gel method is a common wet chemical process to produce glass and ceramics, 
whereas various approaches for obtaining hydrophobic or oleophobic surface have 
been presented, such as template synthesis, phase separation, self-assembly, sol–gel 
method and many others (Tang and Huang, 2010). Sol-gel technique is found 
application in production of high purity materials shaped as powders, thin film 
coatings, fibers and self-supported bulk structures (Kırtay, 2004). Antireflective 
coating on glass lenses for cameras, protective coating on metal sheets, water 
repellent coating on windshields, superhydrophobic, superhydrophilic an oleophobic 
coating on glass, photochromic, photocatalytic, electochromic coatings can be also 
produced via sol-gel method (Minami, 2011; Nolan, 2010; Pierre, 1998; Brinker and 
Scherer, 1990). 
Sol-gel method has several advantages over other coating preparation techniques 
such as purity, homogeneity, operating at low process temperature, ability to control 
composition on molecular scale, ease of preparation and ease of introducing dopants, 
and the ability to produce thin film coatings. This technique involves the transition of 
a system from a colloidal/polymeric liquid, named sol, into a solid gel phase. Stages 
of sol-gel process are illustrated in Figure 2.1. 
 
Figure 2.1: Illustration of sol-gel method (Marenna, 2008). 
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The past two decades have shown an increasing interest in the development of 
organic/inorganic materials prepared by the sol-gel process. Although lots of 
researches are carried out on sol-gel science focuses on silicates due to silicons 
ability to form stable organic frameworks through Si–C covalent bonds (Tsakalakos 
and Vasudevan, 2003). 
2.2.3.1 Precursors 
The best precursor materials in sol preparation are metal alkoxides due to their ease 
of reactivity with water. General formula of alkoxides is known as M(OR)x. In this 
formula, M is metal (Al, Si, Ti etc.) and R is alkyl group (C2H5, CH3 etc.) and x is 
also valence number. There is also compound class that is known as double 
alkoxides and these contain two different metals and their general formula is defined 
as M
1
xM
11
y(OR)z. In this formula M
1
and M
11
 represent metals. It can be said that 
tetramethoxysilane (TMOS) and tetraethyl orthosilicate/tetraethoxysilanes (TEOS) 
alkoxysilanes were commonly used alkoxides. Adding of different alkyl groups into 
metal alkoxides, the physical properties of the sol can be changed (Stenzel, 2002; 
Kırtay, 2004). 
2.2.3.2 Hydrolysis and condensation reactions 
In a typical sol-gel process, the precursor is subjected to a series of hydrolysis and 
condensation reactions to form a sol. Metal alkoxides undergo hydrolysis very easily, 
they also react with water. During the initial stage of hydrolysis an alcohol molecule, 
ROH is expelled (Sakka, 2005; Stenzel, 2002).  
M(OR)z + H2O → M(OH)(OR)z−1 + ROH                       (2.1) 
Above mentioned reaction is an example of a condensation reaction and it involves 
the elimination of an alcohol (e.g., ethanol). The hydroxy metal alkoxide product can 
react by a further condensation reaction to form species that can polymerize. 
M(OH)(OR)z−1 + M(OR)z → (RO)z−1MOM(OR)z−1 + ROH           (2.2) 
2M(OH)(OR)z−1 → (RO)z−1MOM(OR)z−1 + H2O                  (2.3) 
Hydrolysis reactions of TEOS under acidic and basic conditions are presented in 
Figure 2.2 (Kırtay, 2004; Frings, 1999).  
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Figure 2.2 : Hydrolysis reactions of TEOS under acidic and basic 
conditions. 
Hydrolysis may carry out leading to the formation of the silicic acid monomer. The 
silicic acid monomer is not stable and condensation of silanol groups (Si–OH) leads 
to polymer formation before silanol groups substitute for all the alkoxy groups. For 
different catalysts, the reaction mechanisms of TEOS are illustrated in Figure 2.3 
(Frings, 1999). 
 
Figure 2.3 : Schematic representation of condensation reactions in a sol-
gel system. 
The experimental variables used in the first stage of the sol-gel process determine the 
kinetics of the hydrolysis of the sol to form a gel and have a major influence on gel 
structure. The relevant variables are alkoxide concentration, reaction medium, 
concentration of catalyst (the rates of hydrolysis and condensation can be affected by 
the addition of small amounts of acid (e.g., CH3COOH) or base (e.g., NH4OH)) and 
temperature (Kırtay, 2004; Brinker and Scherer, 1990). 
2.2.3.3  Gelling of solution 
The wet gel, obtained by the alkoxide hydrolysis and polycondensation reactions, 
itself is not an end product. In fact, it is necessary a drying stage and a suitable 
treatment (thermal or UV) in order to obtain the material, glass or ceramic, with the 
required characteristics. In thermal drying process, the wet gel is heated up to desired 
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temperatures (it depends on the characteristics of curing temperatures of the 
coatings) for a time that allows desorption of water and residual alcohol physically 
linked to the polymeric network (Marenna, 2008).  
When getting bigger of the polymer molecules in the sol, a bunch of polymer 
molecules link each other, subsequently bigger polymer networks form. This 
situation shows the transformation of the sol into the gel form. During this 
transformation, viscosity of the sol is getting higher. 
In order to carry out the gelation, hydrolysis and condensation reactions must be 
completed. In sol-gel process, the gels formed and microstructure of the final product 
can be controlled, by controlling the reaction and reaction rate. It is possible to 
manufacture monolithic glass and ceramics, glass and ceramics fibers, coatings and 
powders can be produced by using this method (Pierre, 1998; Kırtay, 2004).  
2.2.3.4 Advantages and disadvantages of sol-gel method 
The sol-gel process that is commonly used to obtain coating has some advantages 
and disadvantages. The key advantages offered by the sol-gel process can be 
summarized as followings. 
- Reactions can be operated relatively low temperatures. It is also possible to coat 
glasses, semiconductors and optic equipments via this method. At low temperatures, 
it leads to inorganic and organic materials link each other and hybrid products can be 
obtained via this method (Kırtay, 2004).  
- Substrate with large and small surface area can be also coated via this technique 
(Almeras et al., 2003). 
- It can create very fine and pure powders. 
- This method provides high homogeneity of the final product due to having raw 
materials in low viscosity. 
- Very thin film or desired film thicknesses can be achieved by means of the sol-gel 
process. 
- Transparent and thin films can be obtained via this method in high optic quality 
(Kırtay, 2004; Brinker and Scherer, 1990). 
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- Various functional properties can be gained to substrates by applying sol-gel 
process (Dimitriev et al., 2008). 
- Three dimensional substrates can be coated with higher homogeneity in film 
thickness unlike PVD and CVD methods (Mittal 2008; Mittal, 2009b; Pierre, 1998). 
- It provides low process cost. 
There are also some disadvantages of the sol-gel process. 
- The cost of the raw materials (the chemicals) may be high. 
- Process time is generally long. 
- It can be difficult to stabilize the viscosity of the sol during the transformation into 
the gel form (Kırtay, 2004). 
2.2.3.5. Coating application via sol-gel method 
Sol-gel method is an appropriate technique to coat various types of surfaces such as 
large, wide, irregularly shaped, organic and inorganic due to its ability to provide 
homogeneous distribution on several surfaces, lower temperature operation, easiness 
of coating application in thin film form and many others. The most common methods 
for production of coatings in sol-gel technology are hydrolysis and condensation 
reaction of alkoxides as mentioned earlier. At the end of hydrolysis and condensation 
reaction stages, nanosized solutions are formed and this solution can be coated on 
surfaces via several sol-gel methods such as spraying, dipping, spinning. The 
resulting solution applied on surfaces, are going to be cured via thermally or 
radiation to obtain a gel form, called coating on the surfaces (Aegerter and Mennig, 
2004; Klein, 1988; Pierre, 1998; Koleske, 2002). 
- Spraying 
In this technique, glasses or irregularly shaped substrates (jar, bulbs etc.) can be 
coated easily by using spraying gun or fixed spraying systems. Coating thickness 
depends on diameter of the nozzle, distance from the surface, coating viscosity and 
spraying rate. Providing of preparing desired amount of coating before using and 
being faster technique than the dipping are the advantages of this technique. There 
are also disadvantages of this technique such as having low coating efficiency 
(approximately 50%) and the difficulties of determining the optimum spraying 
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conditions to obtain homogenous coating distribution on the surface (Kırtay, 2004; 
Bach and Krause, 2003). 
- Dipping 
The dip-coating technique can be described as a film deposition process where the 
substrate to be coated is immersed in a liquid and then withdrawn with a well-
defined speed under controlled temperature and atmospheric conditions. The coating 
thickness is mainly defined by the withdrawal speed, the solid content and the 
viscosity of the liquid. If the withdrawal speed is chosen such that the sheer rates 
keep the system in the Newtonian regime, the coating thickness can be calculated by 
the Landau-Levich equation. 
       
     
 
  
    
 
      
 
  
                                               (2.4) 
Where, h0 is coating thickness, η is viscosity, γLV is liquid-vapor surface tension, U0 
is substrate speed, ρ is density and g is acceleration of gravity (Brinker, 1994). The 
schematics of a dip coating process are shown in Figure 2.4. If sol-gel coatings are 
used, the control of the atmosphere is indispensable to avoid drying of the sols 
(alkoxides) by evaporating. The atmosphere controls the evaporation of the solvent 
and the subsequent destabilization of the sols by solvent evaporation. This 
evaporation leads to a gelation process and the formation of a transparent film (Bach 
and Krause, 2003). 
 
Figure 2.4 : Stages of dip coating process (Cao, 2004).  
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Dip coating technique can also be applied for optical coatings, e.g. on bulbs, for 
optical filters or dielectric mirrors (Schmidt and Mennig, 2000). 
- Spinning 
Spin coating technique is a preferable method for obtaining of thin, uniform films on 
flat surfaces. An adequate amount of coating solution is deposited on the substrate 
and the substrate is rotated at a high speed. In this way, the fluid is spread onto the 
surface by centrifugal force of the spin coating equipment (Hall et al., 1998). 
Rotation is continued for a defined time, with fluid being spun off the edges of the 
substrate, until the desired film thickness is achieved. Very homogeneous coating 
thickness can be obtained even with non-planer substrates. The quality of the coating 
depends on the rheological parameters of the coating solution. The coating solution is 
usually volatile, so simultaneous evaporation of coating is provided by rotating. A 
solid film is generated after evaporation of the solvent (Figure 2.5) (Aegerter and 
Mennig, 2004; Kohli, 2007). 
 
Figure 2.5 : Spin coating process. 
2.3 Easy-to-Clean Coatings and Applications 
If a coating can provide hydrophobic and oleophobic behaviors together, it can be 
called as an easy-to-clean coating. Easy-to-cleanability of the coating is a physical 
effect that presents both water and oil repellency towards the dirt on the surface. Dirt 
and water are also repelled by surface roughness of the coating and some functional 
molecules (such as methyl groups) of the active chemical agents in the coating 
formulations. 
In the early 1900s, it was observed that an accumulation of the fluorinated 
compounds takes place on the surface after curing by adding a fluorosilane into sol-
gel scratch resistant system (The Institute of New Materials, Germany). The first 
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used silanes components and easy-to-clean coatings prepared via sol-gel process that 
were produced almost all contained the same components, as in 1H, 1H, 2H, 2H-
perfluoroctyltriethoxysilane (FTS). Coatable sols can be obtained by adding of this 
molecule in small amount (<1 wt %) in sol-gel systems based on 
methyltriethoxysilane (MTES), tetraethoxysilane (TEOS) and silica sol or 
metacrylatesilane.  
The silanes with fluorinated side chains tend to cover the surface, so that even with 
low concentration, a low energy surface in silicate scratch resistant lacquer can be 
achieved. For a visually demonstration, a liquid is poured onto a low energy surface 
material (easy-to-clean surface) as shown in Figure 2.6. It can be easily seen that the 
liquid drop was standing on the surface as a pearl and it never spreads on the surface. 
It is because of the low energy behavior, accordingly water/oil repellency of the 
surface (Sepeur, 2008). 
 
Figure 2.6 : Schematic presentation of an “easy-to-clean” coating (a) and water 
droplet on a commercial product that exhibits poor wettability (b) 
(Sepeur, 2008; Url-7).  
The easy-to-clean effect is different from the self cleaning effect. Self cleaning effect 
comprises two types named Lotus effect
®
 and photocatalytic self cleaning effect. In 
nature, lotus plant has roughly leaves, so it can prevent water to spread on its leaves 
(Figure 2.7).  
 
Figure 2.7 : Lotus plant (a), SEM image of lotus leave (b) and a self 
cleaning commercial products (c) (Müller et al., 2007; 
Nun et al., 2002). 
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Standing of the leaves in vertical position (or in an inclination angle relative to earth) 
leads to flow off the water droplet (Figure 2.8). In industrial application, lotus leaves 
are mimicked, so self cleaning products are obtained. These surfaces have 
application area in daily life such as building outdoor paints, walls on the streets etc 
(Nun et al., 2002; Müller et al., 2007; Howarter and Youngblood, 2008). 
 
Figure 2.8 : Illustration of a self cleaning surface mimicking lotus leaves 
(Barthlott and Neinhuis, 1997). 
Other self cleaning surfaces are photocatalytic surfaces. They needs light 
illumination to activate its self cleaning mechanism. Thanks to some photocatalytic 
agents in its formulation (such as TiO2, ZnO, SiO2), it starts a photochemical reaction 
on the surface when it exposed to light (artificial or sunlight). Then it decomposes 
organic substances (dirt) into harmless molecules (H2O and CO2) on the surface 
(Fujishima et al., 2008; Nolan, 2010, Zhao and Yang, 2003). 
In both self cleaning process, there is no need to clean the surfaces unlike easy-to-
clean surfaces. The easy-to-clean effect normally does not have self cleaning 
properties. The main fields of application are surfaces that are subject to heavy use 
and must be cleaned often. The main application is found in building interiors 
(appliances, shower cabin etc.) and in the automobile industry. 
Easy-to-clean coatings are classified as ready-to-use (do-it-yourself) products and 
industrial coatings. Ready-to-use products are available in market as towellettes, 
spray bottle, cloth etc. They can also be applied on glass surfaces in bathroom, 
kitchen, and commonly automobile windshields.  
These ready-to-use products give surfaces a temporary easy-to-clean effect. 
Industrial coatings/paints have also long term effectiveness, and they can be applied 
on building exterior, bathroom tiles, street walls etc (Sepeur, 2008). 
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2.3.1 Hydro-oleophobic reagents and their water/oil repellency mechanisms 
The hydrophobic and oleophobic coatings that are obtained via sol-gel process, 
includes fluoroalkyl groups on their chains. With accumulation of fluorinated 
compounds on the surface, easy-to-clean surfaces can be obtained. These fluorinated 
compounds are used in silanes components. Especially, fluoroalkylsilanes (FAS) are 
widely used in these systems (Sepeur, 2008). Coating solutions can be produced by 
adding of these molecules in sol-gel systems. These sol-gel systems are based on 
some silane sources such as methyltriethoxysilane (MTES), tetraethyl orthosilicate 
(TEOS), tetramethyl orthosilicate (TMOS), tetrapropxysilane (TPOS), 
vinyltrimethoxysilane (VTMO), vinyltriethoxysilane (VTES) and silica sol or 
metacrylatesilane etc. (Tsakalakos and Vasudevan, 2003; Sayari, 2002; Mittal, 
2009a; Sakka, 2005; Brinker and Scherer, 1990). 
Coating solution obtained with using these components comprises Si-OH groups on 
the coated surfaces. For example, when a glass substrate is coated with this solution, 
the Si-OH groups in the coating solution give a condensation reaction with the Si-OH 
groups on the glass surfaces.  
After condensation reaction, there are strong Si-O-Si bonds between coating and 
substrate (Kırtay, 2004). Due to the variety of silicon alkoxides and alkyl-substituted 
ethoxysilanes (e.g. MTES and fluorosilanes), the porosity, stiffness, wettability and 
surface functionality of sol-gel coatings can be precisely controlled (Thiele et al., 
2010).  
In this thesis, only TEOS, MTES and fluorosilanes compounds, that can give 
hydrophobic and oleophobic features to coating solution, are studied in detail.  
2.3.1.1 Tetraethyl orthosilicate (TEOS) 
TEOS is the most thoroughly investigated alkoxysilanes precursors in sol-gel 
systems. Due to its low reactivity towards hydrolysis makes it possible to follow and 
control the reactions. It is also transformed into silica by the sol-gel process. The 
molecular structure is presented in Figure 2.9.  
Unlike silicates other metal alkoxides (such as titanium alkoxides and zirconium 
alkoxides) have a higher reactivity due to the lower electronegativity and the ability 
to exhibit several coordination states of the metal atoms. The size of the ligands also 
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influences the reactivity. The larger the alkoxide group, the more steric hindrance 
and the slower the reactions (Sanchez et al., 1988). 
 
Figure 2.9 : The molecular structure of TEOS. 
In a typical coating process, liquid silicon alkoxide precursors such as TEOS are 
hydrolyzed and accumulated on the surface of the microchannels, where the 
condensed silica species gels by means of heating and then three-dimensional glassy 
network is obtained (Thiele, 2010). Since all four ethoxy groups are able to 
participate in this reaction, TEOS is regarded as tetrafunctional.  
Hydrolysis of TEOS leads to silanol groups which, in a subsequent condensation 
reaction, form very stable siloxane bonds (-Si-O-Si-). TEOS can repel water 
molecules with its covalently bonded methyl groups. TEOS also contains silicon-
carbon bond (e.g., Si-CH3). The carbon-silicon bond is very stable and nonpolar, and 
in the presence of an alkyl group it gives rise to low surface energy and hydrophobic 
effects. Consequently, the coated substrate’s contact angle relative to water becomes 
larger than 90° (Frings, 1999). 
2.3.1.2 Methyltriethoxysilane (MTES) 
MTES is also used in sol-gel systems as a precursor to obtain hydrophobic surfaces. 
MTES is a colorless, low-viscosity liquid and requires acid- or alkali-catalyzed 
hydrolysis (Herold, 2009; Url-10). MTES is also contains three alkoxy groups are 
able to participate in this reaction (Figure 2.10). Additionally, MTES contains a 
methyl group that adds organic character to the products. Hydrolysis leads to silanol 
groups which, in a subsequent condensation reaction, form very stable siloxane 
bonds (-Si-O-Si-). Condensation of MTES occurs parallel to hydrolysis once a 
certain amount of silanol groups have been formed (Url-4).  
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Figure 2.10 : The molecular structure of MTES. 
MTES is partially hydrolyzed to form a preproduct that can be further cross-linked 
using temperature. This prehydrolysis is often done in conjunction with other 
organofunctional silanes, silicic acid esters (TEOS) (Wheeler, 2005; Url-5). 
2.3.1.3 Fluorosilanes (FS) 
Silanes are formed by monomeric silicon chemicals. A silane that contains at least 
one silicon-carbon bond such as Si-CH3 bonding is named as organosilane. The 
carbon-silicon bond is very nonpolar and stable, and low surface energy and 
hydrophobic effects are provided by the help of alkyl groups (Url-6). 
Organofunctional silanes are commonly used for modification of several surfaces. 
This is related to surface chemical functionality. As a result of this modification, 
wettability of surfaces such as hydrophobicity or hydrophilicity, which depends on 
the demand, can be obtained (Stenzel, 2002; Weis and Auner, 2003). The effects of 
silanes can be defined by their chemically bifunctional molecular structure. 
Generally, the centered silicon is combined with two different functional groups: The 
organofunctional group M and the silicon functional group Z: M-(CH2)n-Si(Z)3. n 
represents the numbers in the range of 0–3. Organofunctional groups are tightly 
bonded to the silicon via a short carbon chain such as an alkyl chain, fluoroalkyl 
chain, amino group, and epoxy group (Ebnesajjad, 2010).  
Different silane structures result in obtaining custom-tailored end product such as 
enhanced hydro or oleophobicity on the surfaces. The silicon functional groups Z 
(generally alkoxy or acetoxy) should be activated by moisture. In this way, the 
silicon functional groups, Z are converted to the silanol form OH, releasing alcohol 
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(usually methanol or ethanol). However, silanols are metastable units that undergo 
condensation to thermodynamically more stable siloxane units (oligomers). An 
example of a commonly used fluorosilane product named 3,3,4,4,5,5,6,6,7,7,8,8,8-
tridecafluorooctyltriethoxysilane is presented in Figure 2.11.  (Mittal, 2009b; 
Giessler et al., 2006). Hydrophobic and oleophobic coatings obtained via sol-gel 
method contain the chains consisting of fluoroalkyl groups. These fluoroalkyl groups 
(Rf) distributed on the glass surface decrease the surface free energy of the substrate 
such as glass (Figure 2.12). The glass surface gains hydro-oleophobic features 
decreasing its surface free energy. The coatings that contains branched alkyl groups 
unlike fluorocarbon, offer only hydrophobic feature. The longer the fluorocarbon 
chain, the better the hydro-oleophobic activity because of containing longer C-F 
chain resulting in formation of roughness on the surface. 
 
Figure 2.11 : An example of a fluorosilane product. 
Fluoroalkylsilanes have no reactive functionality at the end of the short carbon chain. 
The bonding to the glass surface occurs through the silicon functional groups 
(silanols), horizontal cross-linking takes place (Giessler et al., 2006). In general, the 
film formation of fluoroalkylsilanes (methyl group distribution) on glass surfaces is 
illustrated in Figure 2.12. 
 
Figure 2.12 : Illustration of chemical bonding and cross-linking of a 
fluoroalkylsilanes to glass or ceramic substrate (Giessler 
et al, 2006). 
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2.4 Surface Properties of Easy-to-Clean Coatings 
The term of easy-to-clean means the finish that comprises hydrophobic and 
oleophobic properties together. The definitions of hydrophobic (water-incompatible) 
and hydrophilic (water-compatible) are frequently used for defining surfaces. If the 
surface tends not to spread water on the surface (water repellency) or it can be wetted 
by water, it is called as hydrophobic. If the surface tends to adsorb water or be wetted 
by water, it can be also called as hydrophilic (Figure 2.13). The term for measuring 
the degree of influence of hydrophobia of the materials is the hydrophobicity. 
Surfaces with a contact angle of more than 90° or equal to 90° relative to water are 
referred to as hydrophobic.  Particularly, the terms describe the interaction of the 
boundary layer of a solid phase with water (liquid phase) (Erbil, 2006; Aegerter and 
Mennig, 2004). 
 
Figure 2.13 : Surface wetting types. 
The interaction between water and surfaces is used for defining surface properties. 
The polar nature of water (partial positive and negative dipole) explains why bulk 
water readily dissolves many ionic species and interacts with ionic surfaces. The 
properties of liquid water are affected by hydrogen bond interactions. Water 
molecules are bound to each other by an average of three hydrogen bonds in the 
liquid state. Hydrogen bonds form when hydrogen and oxygen atoms in one water 
molecule are covalently bounded each other and this formation is bounded to other 
oxygen in another water molecule. The hydrogen is pulled by the electrophilic 
oxygen atom towards itself. It results that the hydrogen is unequally shared between 
the two oxygens to (covalently bounded one and the electrophilic one). The large 
number of hydrogen bonds in water keeps the molecules together. So it has a 
significant role in formation of water’s bulk stance (Tsai, 2007; Sepeur, 2008). 
Additionally, if the surface tends not to spread oil drop on the surface (oil 
repellency), it is called as oleophobic. Oleophobic surfaces do not adsorb oils, and 
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are also repels oil. Hydrophobic and oleophobic surfaces with energies of about 20 
mJ×m-2 can be obtained by using silanes with polyfluoroalkyl compounds (Aegerter 
and Mennig, 2004).  
Since the molecules on a solid surface are generally fixed, a solid cannot 
spontaneously contract to minimize its surface area. If the Gibbs dividing plane is 
placed such that Γi=0, then the surface tension of a pure liquid (γ0), is equal to the 
surface free energy per unit area, ΔG
s
0. However, generally these two quantities are 
not equal for solid surfaces. Because when a fresh surface is formed by cleaving the 
solid in a vacuum or, if the solid is volatile in its own vapor, then the atoms, 
molecules or ions present in the freshly generated surfaces are immobile and they 
will normally be unable to arrange in their equilibrium configuration. Consequently, 
a non-equilibrium structure forms at the solid surface. It may also take a considerable 
time for the atoms/molecules to come to their equilibrium positions. This situation is 
quite distinct from that for a liquid surface, which attains equilibrium almost as soon 
as it is formed. It is because of the ease of mobility of its molecules. Therefore, it is 
convenient to define surface tension of solids in terms of the restoring force 
necessary to bring the freshly exposed surface to its equilibrium state.  
    
   
 
   
 
     
 
   
 
  
                                              (2.5) 
However, the definition of surface free energy of solids is the same as for liquids; it 
is the work spent in forming a unit area of a solid surface. It is clear from this 
argument that the surface tension is not equal to the surface free energy for solids. 
Considering the surface energy and hydrophobicity of surfaces, it can be said that 
low surface energies also served to improve to flow-off property of water and 
reduced soiling (Erbil, 2006; Aegerter and Mennig, 2004). 
In this study two determination methods for evaluation of surface free energy of 
surfaces were used, Young’s and Owen-Wendt equations. Young’s equation is also 
used to calculate contact angle that will be described in next topic. 
Young’s equation: 
                                                                (2.6) 
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Owen-Wendt equation: 
               
    
      
    
                                   (2.7) 
The following equation is deduced by using above mentioned two equations. 
      
 
 
   
    
 
    
   
  
 
  
     
 
                                     (2.8) 
γ is surface free energy and the subscripts of S, L and V mean solid, liquid and vapor 
phases, respectively. γP and γD also represent polar and dispersive forces at the solid 
surface to give a resultant surface free energy, respectively. The sum of both γP and 
γD also equal to γ (Silva et al., 2011; Wei and Zhang, 2012; Chassin et al., 1986; 
Zenkiewicz , 2007; Nishino et al., 1999). 
The term of surface stress is also defined as the external force per unit length that 
must be applied to retain the atoms or molecules in their initial equilibrium positions. 
In solids, the surface free energy is not necessarily equal to the surface stress, unlike 
liquids’. An expression is required to relate the surface free energy with the surface 
stress. When a one-component solid is isotropic, then the work done to increase its 
surface area by an amount dA can be written as dW=ψdA. However, this work is also 
equal to dW=d(AG
s
), by the definition of surface free energy. Equalization of these 
two equations is given below. 
ψdA= d(AG
s
)                                              (2.9) 
By using this equation, the surface stress can be calculated via the equation given 
below. 
  
      
  
 
    
  
 
    
  
      
   
  
                        (2.10) 
(dG
s
/dA)=0 for a one component pure liquid, and thus we have ψ=G
s
=γ0. However, 
this is not true for a freshly formed solid surface, ant the magnitudes of G
s
 and 
[A(dG
s
/dA] are comparable. The surface stress may be related to surface free energy 
via the term surface strain, λ. The total surface strain can be expressed as 
dλtot=(dA/A). For solids, the total surface strain includes both elastic and plastic 
strains (dλtot= dλe + dλp). 
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For obtaining the Gibbs free energy per unit area from surface tension and surface 
stress, the below mentioned equation can be used. 
    
   
     
    
   
     
                                        (2.11)                                  
However in above mentioned equation    is not a true thermodynamic quantity, 
because it does not express the equilibrium; instead it depends on the history of the 
solid surface formation (Erbil, 2006). 
2.4.1 Determination of hydro-oleophobic behavior of surfaces 
Wetting behavior of solid materials by water/oil has recently been drawn attention by 
both academia and industry. Wetting can be also expressed and quantified by the 
contact angle (θ).  
If a surface is completely wetted (film formation), θ equals to 0°, and if there is no 
wetting at all, θ equals to 180°. If θ is high, the shape of a droplet is spherical, 
leading to a reduced contact area between the liquid and the surface (Aegerter and 
Mennig, 2004, Yüksel, 2009).  
In this field, a surface having a water contact angle exceeding 90° (and also larger 
than 90°) is called as a hydrophobic surface and a surface with an oil contact angle 
over 90° is defined as an oleophobic surface. Generally, oil contact angle value 
higher than 90° is hard to achieve. Because surface free energy values of polar and 
dispersive phase of hydrocarbon oils are different comparison to water’s. Therefore 
contact angle values of hydrocarbon oils can be lower than 90°.  
If the coatings are very highly hydrophobic, contact angle is larger than 150° and 
they are highly oleophobic (oil repellent) as well. The repellency of easy-to-clean 
(water-oil repellency) coatings to other liquids can be characterized by their surface 
energy. As the surface energy is closed to 20 mJ/m
2
 (Figure 2.14), the surfaces resist 
wetting by hydrocarbon oils and are considered oleophobic as well as hydrophobic. 
 It can be also simply characterized by means of contact angle measurements. 
Contact angle measurements are carried out towards hydrocarbons or water (Sepeur, 
2008; Cannavale et al., 2009; Rios et al., 2008). 
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Figure 2.14 : Surface free energy and wetting behavior relationship 
(Jiang and Feng, 2010). 
The contact angle can be defined in several ways. When it is considered 
qualitatively, it can be said that a contact angle was the macroscopic representation 
of microscopic properties. Microscopic characteristics involve surface roughness, 
surface energies of the substrates. Surface coatings also play a role in the wettability 
of a material. Quantitatively, a contact angle is the interior angle formed by the 
substrate and the tangent to the drop interface at the apparent intersection of all 
interfaces (Mittal, 2009b; Stacy, 2009). 
The repellence of easy-to-clean (water-oil repellency) coatings to other liquids can be 
characterized by their surface energy. As the surface energy is closed to 20 mJ/m
2
, 
the surfaces resist wetting by hydrocarbon oils and are considered oleophobic as well 
as hydrophobic. It can be also simply characterized by means of contact angle 
measurements. Contact angle measurements are carried out towards hydrocarbons or 
water. However, other contact angle measurement techniques (the captive bubble, 
and the Wilhelmy plate) have been also used as well (Stacy, 2009; Mittal, 2008). 
2.4.1.1 Theory of contact angle 
The surface tension of solids with a low surface free energy (such as polymers) 
cannot be measured directly because of the elastic and viscous restraints of the bulk 
phase. So it is needed to be measured by using of indirect methods. If we consider a 
liquid drop standing on a solid surface (Figure 2.15), the drop is in equilibrium by 
balancing three forces (the interfacial tensions between solid and liquid, SL; between 
solid and vapor, SV; and between liquid and vapor, LV).  
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In another saying, the contact angle (θ), is the angle formed by a liquid drop at the 
three phase boundary where a liquid, gas and solid intersect, and it is included 
between the tangent plane to the surface of the liquid and the tangent plane to the 
surface of the solid, at the point of intersection. Low values of θ indicate a strong 
liquid-solid interaction such that the liquid tends to spread on the solid surface (well 
wetting) and high θ values indicate weak interaction and poor wetting (Erbil, 2006; 
Çağlar, 2007). 
 
Figure 2.15 : Illustration of a liquid drop on a solid surface. 
The contact angle of a drop deposited on a solid is given by the Young’s equation. γ 
is the surface tension or surface energy which is energy per unit surface area of the 
interface (Erbil, 2006; Wei and Zhang, 2012). 
If [γSV > (γSL + γLV)] in equation 2.6 which shows the presence of a high surface 
energy solid, then Young’s equation indicates (cosθ=1), corresponding to (θ=0), 
which means the complete spreading of the liquid on this solid surfaces (Erbil, 2006; 
Wulf et al., 2002; Yüksel, 2009). 
There are two classifications of contact angle measurements as static and dynamic. 
Static contact angle is the angle formed at the three-phase contact of a drop of liquid 
with a surface when liquid is dropped onto solid surface. The static angle of a drop 
on solid surface is result of the balance between the cohesive forces in the liquid and 
the adhesive forces between the solid and the liquid. In a static contact angle 
measurement the size of the drop did not change during the measurement. This does 
not mean that the contact angle always remains constant. On the contrary, 
interactions at the boundary surface can cause the contact angle to change 
considerably with time. Contact angle can increase or decrease with time depending 
on the time effect (Konduru, 2010; Lee, 2005). 
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While measuring the contact angle via a contact angle measurement device, a liquid 
drop is formed on the tip of the syringe needle attached to a screw syringe to measure 
the static contact angle. The syringe is fastened forward and the drop falls. Then the 
drop brings into the field of view and onto the focal point of the microscope by and 
image is captured via a CCD (charge-coupled device) camera (Url-1, Url-9). 
If the three phase (liquid/solid/vapor) boundary is in actual motion the angles 
produced are called dynamic contact angles and are referred to as ‘advancing’ and 
‘receding’ angles. When the drop is advanced or receded on the solid surface, two 
different contact angles, that is, advancing angle and receding angle can be 
measured. These two angles commonly are called dynamic contact angle due to their 
dynamic nature in measurements (Konduru, 2010). 
The interactions between solids and liquid play a key role in understanding the 
chemical and physical process in many industries. The adhesion between different 
composite structures (glass-metal, leather-fabric, wood-paper) and the wetting of 
adhesive on a substrate can be accessed by contact angle measurements. 
The determination of θ is very important in the paint and coating industries. The 
motivation for new preparation methods is to obtain long-lasting adhesion between 
the coating and substrate surfaces (paper, metal, wood, plastic etc.), and in the 
automotive and building industries. This is the requirement to optimize the interfacial 
tension and to measure the strength of interaction by means of contact angle. The 
effectiveness of the coating formulation and the coating process, for example a car 
body coating, can be accessed by measuring the hydrophobicity (i.e. the contact 
angle) of the lacquer surface (Erbil, 2006). 
On the other hand, pharmaceutical research and development benefits from surface 
thermodynamic data in terms of the understanding and improvement of both 
technological and biopharmaceutical issues. From the preformulation of a new drug 
to the administration of a dosage form, surface chemistry plays a continuous role in 
determining the behavior of substances in a particular environment (Pepin, 1999). 
Besides, the effect of electrolyte coagulants and flocculants on coal surface 
properties can be also determinate via contact angle (Orumwense, 1998). 
Recently, contact angle methods have been used to assess the cleanliness of 
semiconductor surfaces in the electronics industry. Contact angle methods also have 
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great potential for the newly developing nanotechnology field (Erbil, 2006; Stacy, 
1999).  
2.5 Antibacterial Coatings and Their Applications 
Antibacterial coatings and films are very widespread as surface modifiers that impart 
antibacterial features to naturally non-microbial surfaces such as metals, polymers, 
wood, and glass. Incorporation of antibacterial agents into a coating is one of 
straightforward method to create anti-bacterial surfaces (Cioffi, 2012). 
Many materials exhibit properties variously described as antimold, antibacterial, or 
antifungal. Bacteria are all around us, in water and soils and on the many surfaces we 
touch every day. Some bacteria aid in some useful processes such as fermentation. 
Other bacteria are less positive and can cause discoloration, deterioration, or staining 
of surfaces. Many bacteria can cause disease (e.g. pneumonia). It should take into 
account that there was a need to be able to control and deal with bacterial effects 
(Ghosh, 1998; Cioffi, 2012).  
Surfaces that offer antibacterial properties either kill or inhibit the multiply and 
spread of bacteria that can cause some negative effects such as staining or odors 
result in unhealthy environment. Antimicrobial surfaces have target disease-
producing microorganisms with the aim of helping prevent the spread of germs 
injurious to health. Especially, the importance of these kinds of surfaces can be taken 
into account in the medical field, but they are also remarkable in everyday life for 
healthy living (Li et al., 2010).  
Positive applications certainly include some medical environments such as chairs, 
walls, instruments, bandages, glassware, sterilization rooms and laboratories. The 
prospect of usage of antibacterial coatings in everyday consumer goods are 
considered as a huge growth industry such as providing of antibacterial washing 
machines parts (considering dirty clothes or waste water), air conditioners' filters, 
refrigerators (considering foodborne pathogen) (Li et al., 2010; Cioffi, 2012).  
Recently many kinds of effective treatments to control bacteria on surfaces have 
been developed rapidly and some methods/agents (e.g. such as heat, radiation, or 
various chemical disinfectants) are used to obtain antibacterial finishes.  
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For an overview to the use of nanomaterials that exhibit antibacterial activity, it can 
be said that the underlying reason of the antibacterial properties were not simply 
applied to a surface. It is because nanoparticles were used as coating or embedded 
into surface layers of the finishes. In this way, it is provided the coatings to be 
permanent and so that the treatment cannot be washed off (Schodek et al., 2009; 
Ghosh, 2006). 
In addition, antibacterial effect on the surfaces can be provided with several methods. 
Unlike surface hydrophilicity/hydrophobicity, antibacterial efficacy can be given to 
the surface by adding metal ions and some metal oxide additives (such as Ag ion, 
TiO2, ZnO, ZnS) into coatings (Fujishima et al., 2000; Ghosh, 2006). 
Decomposition of bacteria (antibacterial effect) on the surface can be provided by 
photocatalytic or catalytic reaction. For instance, when a photocatalyst (TiO2, ZnO, 
ZnS etc.) is irradiated with light of energy greater than or equal to its band gap 
energy, electron-hole pairs are generated that can induce redox reactions at the 
surface of the photocatalyst (Fujishima et al., 2000; Tayel et al., 2011). The general 
scheme for the photocatalytic damage of microorganism cells by the photocatalyst’s 
photocatalytic properties involves several steps. 
Firstly, the photoexcited the photocatalyst produces electron-hole pairs that migrate 
to the photocatalytic surface. 
Then, photogenerated holes in the photocatalyst can react with adsorbed H2O or OH
-
 
at the catalyst/water interface to produce the highly reactive hydroxyl radicals and 
the electrons can react with oxygen vacancies to form superoxide ions.  
Finally, the various highly active oxygen species generated can oxidize organic 
compounds/bacteria cells adsorbed on the photocatalyst surface, resulting in the 
death of the microorganisms (Şam et al., 2007). 
Unlike the photocatalytic agents, antibacterial effect on the surfaces can be provided 
by catalytic additives such as ZnO, MgO, CaO (Stenzel, 2002; Jin et al., 2009). The 
reaction between these additives and bacteria is resulted in damaging of the bacteria. 
The mechanisms may be that these agents could disrupt the cell membrane integrity, 
lead to the leakage of cytosolic components and kill the bacterial cells on the finish 
surfaces (Figure 2.16) (Wang et al., 2012). 
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Figure 2.16 : SEM images of E.coli cell membrane (a) without 
antibacterial agent (b) with antibacterial agent (Wang et 
al., 2012).  
2.5.1 Antibacterial additives and their effects on bacteria 
Antibacterial additives are defined as agents that inhibit the growth of bacteria on the 
surfaces of products by using it directly or as compounded agent according to JIS Z 
2801 test standard.  
Achieving clean and hygienic surfaces in daily life have been becoming a significant 
need, and many conventional materials are used for achieving this kind of surfaces. 
Conventionally providing of antibacterial finishes is possible via using biocides in 
coatings or paints. Biocides can inhibit the growth of bacteria and kill them. 
However, new legislation, combined with growing interest of environmentalists has 
forced coating/paint manufacturers to seek new alternatives (Ghosh, 2006).  
The use of nanomaterials for antibacterial, antifungal and related applications for 
various types of surfaces has quickly become widespread. Studying these particular 
features has always been of great interest to many scientists. In fact, nanoparticles 
provide unique properties in comparison to larger particles (Stenzel, 2002; Gajjar et 
al., 2009). A large number of these materials were considered to be safe for health at 
nano size ranges (Reddy et al., 2007) and they also offer enhanced antibacterial 
activity area at nano-scale mainly related to the increased specific surface area (Li et 
al., 2010, Schodek et al, 2009). Most nano-based products are used in coatings, 
paints, or films in order to meet the expectation of hygienic and clean surfaces. There 
are several approaches to making improved antibacterial surfaces via using of 
nanomaterials.  In some applications, nanoparticles have been directly embedded in 
the coating matrix. One approach is also to use nanoparticles to incorporate directly 
in the surfaces of the base materials. For instance, a process developed and patented 
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by AGC Flat Glass Europe involves diffusing antibacterial agent into the upper 
layers of the glass. In this system, the antibacterial agent interacts with bacteria and 
destroys them by disabling their metabolism and disrupting their division mechanism 
(Url -2).  
Several inorganic metal oxide nanoparticles are already known as antibacterial 
agents such as ZnO, MgO, TiO2, SiO2, CuO (Karvani and Chehrazi, 2011; Renn et 
al., 2009). For example, various cloths have been coated with different kinds of 
copper compounds to inhibit microbial growth (Schodek et al, 2009). The advantages 
of using these inorganic metal oxides nanoparticles are their greater effectiveness on 
resistant strains of bacteria, less toxicity for people and heat resistance (Karvani and 
Chehrazi, 2011). 
Nano-sized particles of ZnO have more pronounced antimicrobial activities than 
large particles, since the small size (less than 100 nm) and high surface area to 
volume ratio of nanoparticles allow for better interaction with bacteria and it is more 
stable than the organic agents (Stenzel, 2002; Xie et al., 2011; Wang et al., 2012). 
Zinc oxide is an oxidic compound naturally occurring as the mineral zincite, which 
crystallizes in the hexagonal wurtzite structure. Today, most of ZnO powder 
produced worldwide is used in rubber production, paints, chemicals, and ceramics. 
ZnO nanoparticles have been shown to have a wide range of antibacterial activities 
against both gram-positive and gram-negative bacteria, including major foodborne 
pathogens like Escherichia coli, Staphylococcus aureus and Salmonella (Xie et al, 
2011).  
ZnO nanoparticles are also listed as generally recognized as safe by the U.S. Food 
and Drug Administration (21CFR182.8991) (Jin et al., 2009; Jagadish and Peraton, 
2006). An optimal microorganism inhibition can be achieved even in low 
concentration (e.g. 10
-5
-10
-7
 M) in coating applications (Atmaca et al., 1998).  
ZnO nanoparticles attack bacteria cell surfaces and affect cell membrane 
permeability then the nanoparticles enter and induce oxidative stress in bacterial cells 
which results in the inhibition of cell growth and eventually cell death (Cioffi, 2012; 
Yağcı, 2012).  
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2.5.2 Determination of antibacterial efficiency of the surfaces 
Antibacterial activity can be defined as a value which shows the difference in 
logarithmic values of number of viable bacteria between the antibacterial product and 
the untreated product after inoculation followed by incubation of bacteria according 
to JIS Z 2801 test standard. 
In standard microbiological test procedures, the characterization of antibacterial 
efficiency of different agents is based on the determination of the number of bacteria 
colonies that is called as bacteria colony forming units (cfu) (Pietka, 2010). 
In order to call a product as antibacterial, the log reduction values of the number of 
viable bacteria must be 2.0 or more and the product must be tested with both gram 
negative and gram positive bacteria according to JIS Z 2801 test standard (Czichos et 
al., 2006).   
In this test method firstly, measurement of number of viable bacteria by agar plate 
culture method is conducted on untreated surfaces (antibacterial agent free). In this 
step, the number of viable bacteria is determined by counting the colonies formed 
without being affected by the antibacterial agent according to following equation.  
  
     
 
 
(2.12) 
N is the number of viable bacteria (per 1 cm
3
 of test piece), C is the count of 
colonies, D is the dilution factor, V is the volume of SCDLP broth used for was-out 
(mL), and A is also the surface area of covering film (5 cm
2
). 
Lastly, counting the number of bacteria on both treated and untreated surfaces is 
performed. Antibacterial activity (R) is calculated according to the following 
equation. The value shall be recorded to the first decimal place by rounding the 
second decimal place down and the average of logarithms shall be calculated. 
                        (2.13) 
R is defined as the antibacterial activity, U0 is the average of logarithm numbers of 
viable bacteria immediately after inoculation on untreated test pieces, Ut is also the 
average of logarithm numbers of viable bacteria after inoculation on untreated test 
35 
 
pieces after 24 h, At is the average of logarithm numbers of viable bacteria after 
inoculation on antibacterial test pieces after 24 h (Cioffi, 2012; JIS Z 2801). 
2.5.3 Target microorganisms used for determination of antibacterial efficiency 
There are two microorganisms that are commonly used for determination of 
antibacterial efficiency and they are also briefly reviewed as below. 
Escherichia coli (E.coli) is one of the most studied organism and plays important 
roles in biological sciences, medicine, and industry. It is an anaerobic gram negative 
bacterium that lives in the intestinal tracts of healthy animals and also rod-shaped 
bacterium (Figure 2.17) (Lee, 2009).  
 
Figure 2.17 : SEM image of E.coli (Url-3). 
It can adhere to the mucus overlying the large intestine and once established it can 
persist there for months or years. It becomes problematic for a patient if the natural 
flora in the gut is disturbed particularly after a course of antimicrobial chemotherapy. 
It is one of the leading causes of urinary tract infections and can form biofilms on 
catheters. Most E. coli strains are harmless, but some serotypes can cause serious 
food poisoning in humans, and are occasionally responsible for product recalls due to 
food contamination. It can survive even at low temperatures (such as cooler devices 
atmosphere that contains food) (Dixit, 2010). E. coli can also cause diarrhea, 
pneumonia, gastroenteritis etc. (Prakashan, 2005, Honeyman et al., 2001). 
Staphylococcus aureus (S.aureus) is a facultative anaerobic gram-positive coccal 
bacterium. (Figure 2.18) The term Staphylococcus is derived from the Greek word 
staphyle, meaning bunch of grapes, for their ability to form microscopic grape-like 
clusters and the term coccus has a meaning of grain or berry. It inhabits the human 
skin and nose without any apparent ill effect. Some strain of the S.aureus exhibit a 
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marked pathogenic potential and can cause serious infections on the skin (Dunkle, 
2009; Crossley and Archer, 1997). 
It can survive even at low temperatures (such as cooler devices atmosphere that 
contains food). It also causes wound infection, pneumonia, scalded skin syndrome 
and food poisoning. Food in cool storage chamber may be infected by way of people. 
Because of living on human’s finger tip, food in these places can be infected by 
people. This situation causes to occur of unhygienic places for people (Crossley and 
Archer, 1997; Lee, 2009).   
 
Figure 2.18 : Image of S.aureus (Url-8). 
2.6 Literature Overview of Easy-to-Clean and Antibacterial Coatings 
In this section, literature researches and evaluations of easy-to-clean and antibacterial 
coatings are presented. Especially, the publications that include the use of TEOS, 
MTES and fluorosilane compounds in sol-gel systems to obtain ETC coatings and 
the use of metal oxides, especially ZnO, in antibacterial applications were compiled. 
Their process parameters were evaluated and summarized. 
Biologically inspired design or adaptation from nature is called as biomimetics. It 
means mimicking nature and living organism in nature. Many researchers were 
inspired from nature and mimicked natural hydrophobic surfaces such as lotus plant, 
taro, India canna, rice leaf, Pond skaters, butterworts, water strider leg, Namib desert 
beetle, butterfly wings, shark skin, gecko toe and many others, in order to obtain 
water repellent surfaces (Yan et al., 2011; Brushan, 2011; Hoefnagels et al., 2007; 
Bhushan and Yung, 2011). 
Sol-gel is the most suitable process for the preparation of functional coatings such as 
hydrophobic, oleophobic and antibacterial polymeric coatings. The main advantage 
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of the sol-gel process is being convenient systems to obtain transparent, thin film 
coatings for mainly glass and the other kinds of substrates such as metals, plastics 
and textile products. It enables that different kinds of reagents at various proportion 
could be added into reaction mixtures at several reaction conditions (especially mild 
conditions) and in this way endless variety of coating product can be prepared via 
this methods.  
Dimitriev and his co-workers (2010) mentioned that sol-gel method is the unique 
process for achieving these kinds of coatings in their review published in the year of 
2008. Additionally, Mahadik and co-workers also prepared a transparent 
hydrophobic, silica containing coatings for glass substrates via sol-gel technique. 
For achieving both hydrophobic and oleophobic, low surface energy coatings, Sheen 
and co-workers (2009) added both TEOS and MTES into sol-gel systems and they 
emphasized that the coatings including both TEOS and MTES had showed better 
hydrophobic and oleophobic behavior. In the meantime, they investigated that 
fluorinated compounds in sol-gel process could be also exhibit hydrophobic and 
oleophobic characteristics.  
Wu and his co-workers also obtained transparent hydrophobic sol-gel hard coatings 
by incorporation of TEOS and MTES into sol-gel system in the years of 2005 and 
2010. 
Latthe et al. studied on preparation of porous superhydrophobic silica films on glass 
substrates using TEOS and MTES as hydrophobic reagents by sol-gel process 
(Latthe et al., 2009). 
In Cannavale and his co-workers’ publication in 2009, the most widespread class of 
sol-gel precursors, the alkoxides, were characterized by high compatibility with a 
large variety of glass material and glass-like coatings which were consist of TEOS 
and MTES were produced. 
Kim and her co-workers studied with similar precursors in a sol-gel system by using 
acetic acid as catalyst. They also claimed that sol-gel process is convenient to obtain 
hard coating thin film due to its easiness to prepare and providing uniform surface 
throughout the substrate and enabling to improve surface property by changing 
mechanical and chemical properties (Kim et al., 2000). 
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Kessman, Huckaby and their colleagues (2009) coated glass substrates with both 
hydrophobic and oleophobic thin film coatings in nano thickness and they found 
contact angles with water as ~100° and with oleic acid as ~70°.  
Sheen, Chang and their co-workers used a kind of hydrocarbon oil, diiodomethane in 
order to measure contact angle of the oleophobic surfaces (Sheen et al., 2009). 
Fluorinated compounds are the best choice to lower the surface energy of the 
substrates, owing to their extremely low surface tension and they are used to obtain 
easy-to-clean coatings in many scientific studies. Especially, Minami published a 
paper in 2011 that includes a several coating formulations comprising TEOS and 
MTES. Unlike the above mentioned research studies, Minami used fluoroalkylsilanes 
in this system to obtain good water repellency and then controlled the abrasion 
resistance of the coated glass substrates. Contact angle of the coatings were found as 
~102-103° (Minima, 2011).  
Hsieh and his co-workers also investigated that CF3-terminated flat surface including 
fluorosilanes, with the lowest surface energy (6 mJ/m
2
) exhibits fairly good water 
repellency with contact angles of 110-120°. They used spin coating technique to coat 
the surfaces (Hsieh et al., 2010).   
Giessler et al. (2006) used fluoroalkylsilanes based easy-to-clean coatings on glass 
substrate with a ready-to-use product SIVO
®
Clear (Evonik Co.) which is a two 
component fluoroalkylsilane system (FASS). They applied the film onto glass 
substrates at nanometer scaled with a thickness of 6-10 nm. They found water 
contact angle as ~100°. They also applied abrasion resistance test on coated samples. 
In the abrasion test, a 1 kg weight was fixed to a sponge (green side of a Scotch-
Brite) which serves as the abrasive device. The device moves back and forth (=1 
cycle) on the glass surface. After this test, they found the abrasion resistant of easy-
to-clean coating was good by means of measuring contact angle. Contact angle 
values of the coated samples only decreased up to 80 degrees. Those contact angle 
values were accepted as tolerated values according to this study (Giessler et al., 
2006).  
In some research studies, Dynasylan F8261 (tridecafluorooctyltriethoxysilane), 
Dynasylan F8263 (diluted tridecafluorooctyltriethoxysilane) (Evonik Co.) (Rios et 
al., 2008), heptadecafluoro-1,1,2,2-tetrahydrodecyltrimethoxysilane (Gelest Inc.) 
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(Lee and Owens, 2011) were chosen for the preparation of water and oil repellent 
fluoralkylsilane based coating systems. 
It is claimed that fluoroalkyl groups on the coating surfaces had generated excellent 
hydrophobic and oleophobic properties with the aid of their roughness behavior in 
the research publications of Standke and Hsieh’s co-workers (Hsieh et al., 2010). 
In the study of Arkles and his co-workers tridecafluorooctyltriethoxysilane was also 
used and a coating that has 110° contact angle with water was obtained. It was also 
emphasized that the most oleophobic silane surface treatments have had fluorinated 
long-chain alkylsilanes (Arkles et al., 2009).  
Hydrophobicity, oleophobicity and also antibacterial features can be obtained in 
same coating formulation. In Vilcnik and Jerman’s study (2009), hydrophobic, 
oleophobic antibacterial coatings for cotton fabrics were produced via sol-gel 
method. They used both diureapropyltriethoxysilane [bis (aminopropyl)-terminated 
polydimethylsiloxane (1000)] (PDMSU) sol-gel hybrid for obtaining washing-
resistant water-repellent finishes, and 1H,1H,2H,2H-perfluorooctyltriethoxysilane 
(PFOTES) for providing highly apolar low-energy surface in the coating formulation 
in order to coat cotton fabrics. They calculated the surface free energy of the 
PDMSU and PFOTES coated surface and found 14.5 mJ/m
2
 (Vilcnik et al., 2009). 
Hydrophobic and oleophobic coatings can be also fabricated by using of 
polydimethylsiloxane (PDMS) - silica nanocomposite by applying a thin layer of low 
surface energy fluoroalkylsilane as topcoat in Basu and his co-workers’ study 
(2012). They used water to measure hydrophobicity of the coating material and 
unlike diiodomethane, they used lubricant oil to measure the oleophobicity. Water 
and lubricant oil contact angles were found 158-160° (superhydrophobic) and 79°, 
respectively. 
They used tridecafluorooctyltriethoxysilane solution (2 wt%) in their coating 
composition and they emphasized that the improved oleophobicity was attributed to 
the combined effect of low surface energy of fluoroalkylsilane compound. They also 
emphasized that the surface energy of functional groups decreased in the order, –CF3 
< –CF2H < –CF2 < –CH3 < –CH2. They investigated the coating composition by 
means of EDX analysis (in atomic %) and the fluoroalkylsilane percentage was 
found about 1% (Basu and Kumar, 2012). 
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Akamatsu and Makita used fluoroalkyltrimethoxysilane for obtaining water repellent 
glass. In their study, the coating was carried out by rubbing the glass surface with 
canvas cloth under a load of 0.1 kg/cm
2
 for 3500 times in order to determine abrasion 
resistance of coated samples. Contact angle was obtained as ~100° after abrasion test 
dripping 2 μL water. They also claimed that fluoroalkylsilanes had played an 
important role in improving the abrasion resistance of the water-repellent glasses 
(Akamatsu et al., 2001).  
Curing temperature of the coating varies in some research studies, for instance, 
Standke and his fellow workers cured fluorinated coated samples at room 
temperature, whereas Fabbri and his colleagues cured the fluorinated coatings at 100 
°C (Fabbri et al., 2006). In a research study belongs Phani, it was also investigated 
the effect of several curing temperatures on water contact angle values of fluorine 
containing coatings. In this study, a polymeric coating film was obtained at nano 
scale and this coating was cured at both room temperature and 100 °C to 400 °C 
(Phani, 2006). 
For determining optic properties of the transparent surfaces some researchers 
measure the light transmission and haze properties of the coated substrates (Rios et 
al., 2008; Dodiuk et al., 2007). 
In order to examine the adhesion between a transparent coating (colloidal silica and a 
polysiloxane matrix film) and substrate (PMMA), Chantarachindawong and his co-
workers used a pressure sensitive tape according to ASTM D3359 test standard in 
2012. In this study, the tape was firmly applied over the coating film surface and then 
removed. The coating film cells that remained attached to the PMMA substrate 
surface were counted and reported in terms of percentage of remaining cells (100%) 
(Chantarachindawong et al., 2012). 
For antibacterial coatings, it can be said that incorporation of ZnO nanoparticles 
solution in antibacterial coating systems had attracted the attention. In this way, it is 
aimed to inhibit E.coli, S.aureus and many other bacteria growth on the coating 
surface. 
Xie and He used ZnO nanoparticles (purity over 99.7%) with an average size of ∼30 
nm and a Brunauer-Emmett-Teller (BET)-specific surface area of ∼35 m2/g in a 
suspension with a concentration of 100 mg/mL to inhibit some bacteria. The results 
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they achieved suggested that the antibacterial mechanism of ZnO nanoparticles was 
most likely due to disruption of the cell membrane and oxidative stress in several 
bacteria (Xie et al., 2011). 
Karvani and Chehrazi used 3 nm sized ZnO nanoparticles in a solution with a 
concentration of 3.1 mg/mL in order to inhibit E.coli and S.aureus growth. In this 
research study, they showed that gram-negative bacteria were more resistant to ZnO 
nanoparticles than gram-positive bacteria. It was also found that the antibacterial 
activity of ZnO nanoparticles increased with decreasing particle size and increasing 
powder concentration. They also emphasized that ZnO bulk powder had showed no 
significant antibacterial activity considering to ZnO nanopowder (Karvani and 
Chehrazi, 2011). 
Jones, Ray and their co-workers used ZnO ultrafine powder (41 mm), ZnO 
nanoparticles (mean particle size c. 8 nm), and ZnO nanopowder (mean particle size 
50-70 nm) in order to evaluate growth inhibition assay of S.aureus. For ZnO ultrafine 
powder and ZnO nanopowder, which have relatively large particle sizes, reduced 
growth rates (c. 50%) were observed in this study. However, ZnO nanoparticles, with 
smaller particle size, were able to reduce 99% of growth colloidal suspension 
concentration of 2 mM. The data clearly suggested that nanoparticles with smaller 
particle sizes (e.g. 8 nm diameter) had showed more than 95% growth inhibition at 1 
mM concentration (0.008%), whereas 5 mM of ZnO nanoparticles with relatively 
larger particle sizes (e.g. 50-70 nm) had showed only 40-50% growth inhibition as 
compared with the control (Jones et al., 2008). 
In the study of Li and Xing, the primary sizes of the nanoparticles (200-400 nm) 
were used to provide antibacterial effect against E.coli and S.aureus. Polyethylene 
glycol 400 (PEG 400) from Fluka was used as a dispersant (10% of the amount of 
ZnO nanoparticles) in order to improve the stability of the suspension. The mixture 
containing a present amount of dried ZnO nanoparticles and dispersant was mixed 
with distilled water in a glass beaker with the aid of a magnetic stirrer. The beaker 
was placed in an ultrasonicator for 30 min until the particles were dispersed in water. 
After sonication, the obtained suspension was milled using a planetary Dyno-mill for 
1 h at room temperature. Then, the ZnO nanoparticles coating was prepared, which 
had a concentration of 5.0 g/L. It was obtained that higher the ZnO nanoparticles 
solution, better the antibacterial effect (Li et al., 2010). 
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Ghule and his co-workers used 20 nm sized ZnO nanoparticles to determine the 
antibacterial effect of the ZnO solution against E.coli growth. So that, ZnO 
nanoparticles were suspended in sterile normal saline and constantly stirring until a 
uniform colloidal suspension was obtained to yield a powder concentration of 1000 
mg/mL. It was pointed out that the solution with 1000 mg/mL concentration was 
efficient against E.coli bacterial growth (Ghule et al., 2006).  
In Tayel, Tras and their co-workers’ study, ZnO powder (~5 mm) and nano-scaled 
(50 nm) particle sizes were used (Sigma-Aldrich Co.). Equal weights from ZnO 
powder and nanoparticles (8.1 g) were initially sterilized at 160 °C for 3 h, and then 
dispersed in ultrapure water, vigorously vortexed for 10 min and additionally 
sonicated for 30 min to avoid aggregation and deposition of particles. The resulting 
suspensions (100 mL with concentration of 1 M) were considered as stock solution to 
be diluted and used for inhibition of bacterial growth (Tayel et al., 2011). 
It was found that metal oxide nanomaterials had increased cell death with increasing 
concentrations and the antibacterial activity of ZnO nanoparticles had been much 
stronger than that of ZnO powder. This could be simply explained as smaller 
particles normally had a larger surface to volume ratio which provides a more 
efficient mean for antibacterial activity. 
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3 EXPERIMENTAL 
3.1 Materials 
3.1.1 Tetraethyl orthosilicate (TEOS) 
TEOS was used as a precursor in sol-gel system (Figure 2.9). TEOS enables to form 
a network in the reaction system and gives hardness to the coating. For this purpose, 
TEOS solution purchased from Evonik Co. (purity of ~99% and molecular weight of 
208.3 g/mol) and was used to prepare ETC coatings. 
3.1.2 Methyltriethoxysilane (MTES) 
MTES was also used as a precursor in sol-gel system (Figure 2.10). MTES helps to 
form networking in the reaction system, gives partial flexibility and water repellent 
feature to the coating solution with its methyl groups. MTES solution purchased 
from Evonik Co. (purity of ~99%, molecular weight of 178 g/mol) was used for the 
preparation of ETC coating solutions. 
3.1.3 Flourosilanes 
In order to provide surface modification and give low surface energy, surface 
roughness, hydrophobicity and oleophobicity to the coating solution, different kinds 
of fluorosilanes were used in sol-gel system. For this purpose, Dynasylan® F 8261 
and F 8263 (molecular weight of 510.4 g/mol for each material) were supplied from 
Evonik Co. and then incorporated into coating solution. 
Dynasylan® F8261 (tridecafluorooctyltriethoxysilane) is a bifunctional silane 
possessing hydrolyzable inorganic ethoxysilyl groups and a fluoroalkyl chain. 
Dynasylan® F 8263 (tridecafluorooctyltriethoxysilane in i-propanol) also acts as a 
surface modifier on oxidic, carboxy and hydroxyfunctional substrates (e.g. glass, 
ceramic). It is also a diluted version of F8261 in alcohol. These fluorosilane 
compounds (Figure 2.11) was incorporated into coating systems to obtain easy-to-
clean coatings. 
. 
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3.1.4 Ethanol 
Ethanol was used as a reaction medium and a dissolver for TEOS and MTES. It was 
purchased from Merck Co. with a density of 0.79 g/cm
3
. It was also used as a solvent 
for testing of cross-linking formation of coated samples that were cured at several 
temperatures for several durations. 
3.1.5 Methanol 
Methanol was used as a solvent for testing of cross-linking formation of coated 
samples that were cured at several temperatures for several durations. It was 
purchased from Merck Co. with a density of 0.79 g/cm
3
. 
3.1.6 Acetone 
Acetone was used as a solvent for testing of cross-linking formation of coated 
samples that were cured at several temperatures for several durations. It was 
purchased from Merck Co. with a density of 0.79 g/cm
3
. 
3.1.7 Acetic acid 
Acetic acid with a density of 1.05 g/cm
3
 and molecular weight of 60.05 g/mol was 
supplied from Merck Co. in order to be used as a catalyst.  
3.1.8 Deionized water 
For hydrolysis reactions in sol-gel system, deionized water (DIW) was added into 
reaction medium.  
3.1.9 Zinc oxide (ZnO) 
Zinc oxide nanopowder (molecular weight 81.39 g/mol and particle size of <100 nm) 
was used as an antibacterial agent in sol-gel system and provided from Sigma-
Aldrich Chemie GmbH. Its BET surface area is larger than 10.8 m
2
/g. 
3.1.10 Sodium silicate 
Before coating application, sodium silicate (Na2SiO3) solution purchased from Sigma 
Aldrich Chemie GmbH (density of 1.39 g/cm
3
) was used. This solution was diluted 
as 1% with deionized water and then applied onto the glass substrates for surface 
treatment before coating application. Sodium silicate solution was preferred to make 
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the glass substrate’s surface hydrophilic for achieving good adhesion between 
coating and substrate. 
3.1.11 Probe liquids 
Diiodomethane (CH2I2) and glycerol (C3H8O3) were supplied from Merck Co. to be 
used for contact angle measurements and surface free energy calculations. 
3.1.12 Cleaning agents 
Several commercial detergents that are widely used in daily life cleaning operations 
were supplied to test the detergent resistance of the coated samples. For this purpose, 
Pril dishwashing liquid (pH: 6), Marc Power Hygiene (pH: 10) and Domestos bleach 
(pH: 13) detergents were used in this study. 
3.1.13 E.coli and S.aureus cultures  
E.coli ATCC 25922 and S.aureus ATCC 6538 cultures purchased from 
Microbiologist were used as target microorganism in antibacterial efficiency tests of 
coated glass samples. 
3.1.14 pH-indicator strips 
pH-indicator strips (Merck Co.) were used to measure the pH value of the reaction 
mixture. In this study, unlike pH-meter instrument, pH-indicator strips were 
preferred in order to avoid contaminating the probe of pH-meter instrument by 
coating solution. Because sometimes, it can be difficult to clean a coating solution on 
some surfaces (such as metal surfaces like pH-meter’s probe) due to possible 
adhesion to appropriate surfaces. 
3.2 Equipments 
3.2.1 Digital heating mantle 
In order to heat the reaction flask up to required temperature, rounded bottom M-
Tops MS DM 604 digital heating mantle was used. Four-necked round bottomed 
flask was placed into this mantle and it was provided the temperature value of the 
reaction system was under controlled by means of integrated thermocouple of the 
mantle. 
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3.2.2 Mechanical stirrer 
Biosan MM-1000 mechanical stirrer equipment (40-1000 rpm) with a MC-1 
centrifugal stirrer was used in rotational motion mode to obtain a well mixed 
mixture. 
3.2.3 Condenser 
A condenser which is 300 mm length and has 29/32 column was used to prevent 
solvent evaporation by re-fluxing. In this way, it was avoided mass loss from the 
reaction mixture. 
3.2.4 Drying-oven 
Curing process of the coatings was conducted at a drying-oven with a brand name of 
Heraeus (Thermo Scientific) at various temperatures. 
3.2.5 Weighing balance 
Mettler AE 200 S weighing balance with the precision of 0.01 was used to measure 
the weights of the chemicals and samples. 
3.2.6 Contact angle measurement instrument 
Krüss contact angle measurement equipment supported with software named DSA II 
was used to measure the contact angles of the several surfaces in order to calculate 
surface free energy and determine surface behavior (hydrophobic or oleophobic). In 
these measurements, sessile drop method was used. 
This instrument consists of two main parts named G2 and G220. G2 is the contact 
angle measurement system and G220 is also liquid dosing unit. Sessile drop method 
was used in this study. In sessile drop method, a liquid sample also called probe 
liquid is placed onto a surface by means of a syringe, which can then be analyzed by 
using a charge-coupled camera to determine its contact angle.  
Various probe liquids such as deionized water, diiodomethane and glycerol were 
used to calculate surface free energy of the coating surfaces. In addition, deionized 
water and diiodomethane probe liquids were also used in this system to determine the 
hydrophobic and oleophobic behavior of the coated samples (Figure 3.1). 
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Figure 3.1 : Contact angle measurement instrument and its main parts. 
3.2.7 Fourier transform infrared spectroscopy (FTIR) 
FTIR (The Excalibur FTS 3000 MX spectrometer) spectroscopy instrument was used 
to analyze chemical composition of the coating solutions. Coating solutions that 
comprises easy-to-clean and antibacterial effect were dropped onto KBr disc and 
several characteristic transmission peaks were observed. In this way, organic 
components in the coating samples could be evaluated. 
3.2.8 Scanning electron microscope (SEM) 
Analyzing of the surface morphology and elemental analysis of the coatings were 
carried out by means of scanning electron microscope (Jeol JSM 6400) (Figure 3.2). 
  
Figure 3.2 : Scanning electron microscope instrument. 
3.2.9 Atomic force microscope (AFM) 
Nano Magnetics, High Resolution Ambient MFM atomic force microscope was used 
in tapping mode to evaluate surface topology of the coated samples (Figure 3.3). 
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Figure 3.3 : AFM instrument. 
3.2.10 Spin coater 
Thin films of several coating solutions were prepared on glass slides by means of 
SPIN150-NPP spin coater (SPS Europe B.V) at laboratory conditions (Figure 3.4). 
 
Figure 3.4 : Spin coater. 
3.2.11 Adhesion test equipments 
To evaluate adhesion between coating and substrate, pressure sensitive tape (Tesa 
4120), 295 model sharp scalpel (Erichsen D58675 Hemer) and a brush, to clean the 
coated surface after cutting, were used in adhesion control test (Figure 3.5).   
 
Figure 3.5 : Adhesion test equipments. 
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3.2.12 Transmission, haze and clarity measurement equipment 
For evaluating the effect of the coatings on optic properties of glass samples, 
transmission, haze and clarity values of the samples were measured by means of 
BYK Gardner-Haze Gard Plus equipment (Figure 3.6). 
 
Figure 3.6 : Transmission, haze and clarity measurement equipment. 
3.2.13 Scratch resistance measurement equipment 
Scratch resistance of the coated glass samples were measured by Erichsen Scratch 
Hardness Tester 413 equipment (Figure 3.7). 
 
Figure 3.7 : Scratch resistance measurement equipment. 
3.2.14 Abrasion-scrub test equipment 
Abrasion resistance test was applied on the coated glass samples by means of BYK 
abrasion-scrub tester, in order to simulate a real usage condition (cleaning) of easy-
to-clean coating in daily life by a consumer (Figure 3.8). 
 
Figure 3.8 : Abrasion tester equipment. 
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3.2.15 Climatic chambers 
For determining easy-to-clean efficiency of the coatings, coated samples were kept at 
ACS Challenge 250 model climatic chamber under conditioned air (Figure 3.9). 
 
Figure 3.9 : Climatic chambers. 
3.2.16 Cooler 
Coated and uncoated samples were kept in a cooler with a brand name of Arçelik in 
order to perform easy-to-clean efficiency test at low temperature. 
3.2.17 Ultrasonic water bath 
Bandelin Sonorex RK 100 H model ultrasonic water bath was used to obtain well 
dispersed suspension of ZnO nanoparticles in deionized water at laboratory 
conditions (22°C). 
3.3 Experimental Procedure 
3.3.1 Preparation of easy-to-clean and antibacterial coating solutions 
Four-necked round bottom reaction flask was placed into a digital heating mantle. 
Temperature of the heating mantle was set at 25°C. Thermocouple, glass pipe 
connected to a nitrogen source for nitrogen feeding into flask and condenser were 
also placed into the flask. Mechanical stirrer was also inserted through the centered-
neck of the flask and the one necked left was empty to feed reactants into the 
reaction system. 
Firstly, a nonfluorinated coating material was prepared. For this purpose, TEOS and 
MTES were added into flask with a mol ratio of 1:1. Mechanical stirrer was run at 
the rate of 100 rpm and feeding of nitrogen gas into system was started. Then 110 
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mL ethanol was added into flask and water flow was started through the condenser 
connected to the flask to avoid solvent loss. For hydrolysis reaction, 4.6 mL 
deionized water was put into the mixture. Then, the temperature of the system was 
increased up to ~35°C. 
In order to give antibacterial effect to the system, a ZnO suspension that comprising 
0.012 mol ZnO nanoparticle (with a concentration of 100 mg/mL) was added into the 
flask and the temperature of the system was increased up to ~60°C and the system 
was run at 75°C for 1 hour. Stirring rate of the mechanical stirrer was set at 250 rpm 
and pH value of the mixture was measured as 5-6 via pH strips. After 1 hour stirring, 
the temperature of the system was decreased up to 30°C. The coating solution was 
transferred into a closed bottle and stayed there for 24 hours in order to be used as 
coating solution. 
Then, a fluorinated coating solution was prepared. For this purpose, the same coating 
preparation steps were repeated. However, ~0.6 mol acetic acid was added into the 
reaction mixture as a catalyst after ZnO addition and stirring steps.  
In order to give oleophobicity to the coating solution, fluorosilane compound -with a 
mol ratio of 1/7 of total TEOS and MTES mol- was added into the reaction mixture.  
The system was run for 1.5 hours. Then the temperature was decreased up to 30°C. 
At the end of the reaction pH value of the coating solution was recorded as 4-5. Then 
the solution was transferred into a closed bottle and stayed there for 24 hours in order 
to be used as coating solution. 
In this study, two types of fluorosilane products (Dynasylan F8261 and F8263 
fluorosilanes) were used in different coating preparation systems. Then, the coating 
that comprises Dynasylan F8261 fluorosilane was prepared with different mol ratios 
of TEOS:MTES (1.5:1 and 1:1.5) by using above mentioned experimental 
procedures. 
3.3.2 Coating application 
After the coating solution had stayed at laboratory temperature (22°C) for 24 hours, 
it was considered that it has been ready to use as a coating solution. For surface 
treatment before coating application, firstly tempered glass samples’ surfaces were 
washed with deionized water and sodium silicate solution (1%) was poured onto 
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upper surface of glass substrates (10×10 cm2) and then they were stayed for a while. 
After surface treatment operation, sodium silicate solution was removed from the 
surfaces by washing the glass surfaces with deionized water and then, samples’ 
surfaces were dried with pressured air. 
Then, the samples were placed into the spin coater equipment and the spin coater was 
run at 2000 rpm for 30 s in order to carry out coating application. 
3.3.3 Curing 
A further curing operation was needed for obtaining cross-linking formation of the 
coating material and also achieving good adhesion between coating material and the 
glass substrate. 
Therefore, determining the optimum curing temperature and duration are very 
important for this system. For this purpose, all coated samples were placed into a 
drying oven and they were stayed at this system at several temperatures (at 60°C, 
80°C, 100°C and 120°C). The curing durations were also adjusted as 15, 30, 45, 60 
minutes for each samples that were cured at each temperatures. All sample names, 
that were exhibit best hydrophobic and oleophobic behaviors together, are briefly 
explained in Table 3.1.  
Table 3.1 : Preparation of samples with designations (cured at 80°C for 
30 min). 
Sample Name TEOS:MTES Fluorosilane type 
1-1-80-30' 1:1 - 
1-1-F1-80-30' 1:1 Dynasylan  F8261 
1-1-F3-80-30' 1:1 Dynasylan  F8263 
1.5-1-F1-80-30' 1.5:1 Dynasylan  F8261 
1-1.5-F1-80-30' 1:1.5 Dynasylan  F8261 
After this operation, in order to control the presence of cross-linking formation of the 
coatings on substrates, samples were fully immersed into several solvents (such as 
ethanol, methanol and acetone) and they were kept into these solvents for 48 hours. 
After 48 hours, all samples were weighted and the weight differences before and 
after the test were compared. If there is no weight loss after 48 hours immersion of 
the coated samples (also cured) into above mentioned solvents, it can be said that 
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cross-linking was completed and consequently, gelling of the coating solution was 
obtained on the glass substrate. The optimum curing conditions of the coatings were 
determined with the help of these comparative tests. 
3.4 Characterization 
3.4.1 Structural, morphological and topological properties 
In order to evaluate the structural, morphological and topological properties of the 
coating, several analysis methods were conducted such as Fourier transform infrared 
(FTIR), scanning electron microscopy (SEM)-energy dispersive spectroscopy (EDS), 
atomic force microscope (AFM) analysis and determination of surface properties of 
the coated samples by means of surface free energy and contact angles 
measurements. 
3.4.1.1 FTIR analysis 
Chemical composition of the coating was investigated by FTIR spectroscopy using 
KBr disc method in transmission mode. Several characteristic peaks were observed 
throughout the spectral range of 400-4000 cm
-1
 by taking 256 scans at laboratory 
conditions. In order to avoid noises in FTIR spectrum, it was decided to study with 
256 scans in FTIR analysis. The scan number was found by trial and error for 
achieving appropriate analysis condition. 
Coating solution was dropped onto a KBr disc and then it was cured in a drying 
oven. After that, KBr disc placed into FTIR instrument and FTIR spectrum of the 
coating was recorded. 
3.4.1.2 SEM-EDS analysis 
For evaluating of surface morphology and performing the surface elemental analysis 
of the coating samples, SEM-EDS analysis was conducted at SEM instrument 
laboratory conditions, 18°C. 
For this purpose, easy-to-clean and antibacterial coating solutions were coated onto 
glass substrates (0.5×0.5 cm2) by means of spin coater at 2000 rpm for 30 seconds. 
After curing operation, samples were kept at laboratory conditions for a while for 
cooling. After that, samples were ready to carry out SEM analysis. Uncoated glass 
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samples were also subjected to this analysis for further comparison. Samples’ 
surfaces were also coated with carbon before SEM analysis to provide electrical 
conductivity. 
Samples were placed into SEM instrument and several images were recorded and 
elemental analysis was carried out for evaluating inorganic materials on the coated 
surfaces. 
3.4.1.3 AFM analysis 
Atomic force microscopy (AFM) analysis was performed to investigate the surface 
topology (also imaging surface roughness) of the coating samples that offer easy-to-
clean and antibacterial effects. On the other hand, thickness of the coating was 
qualitatively evaluated by means of AFM analysis. 
AFM instrument was run in tapping mode and several images of the coated and 
uncoated samples were recorded. 
3.4.2 Surface properties of coatings 
In order to examine the surface properties of the coating samples such as contact 
angle with deionized water and diiodomethane measurements and surface free 
energy calculations were conducted by means of contact angle measurement 
instrument. In this way, it was aimed to determine surface hydrophobicity, 
oleophobicity and surface free energy value (main driving force for achieving easy-
to-cleanability). 
3.4.2.1 Contact angle measurements with water and diiodomethane 
Contact angle measurements were conducted by contact angle measurement 
instrument at laboratory condition (22°C). For all measurements, 10 μL liquid 
(deionized water /diiodomethane) was dripped onto the coated surfaces via blunt end 
gastight syringe (Hamilton 1750 LTN, 500 μL, 22/51/2). For each coated samples, 
five drops of each liquids were dripped onto the surfaces. 
All coated surfaces was rubbed and cleaned with ethanol (technical grade, 96%) 
before contact angle measurements. Then they were stayed for a while for 
evaporating of the ethanol from the surfaces. In this way, it was aimed to avoid any 
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dust deposition on the coated surfaces and obtain clean surfaces. After this operation, 
all samples were ready to measure the contact angle values. 
For determination of surface hydrophobicity of the coated samples, contact angle 
measurements were conducted with deionized water. Several deionized water drop 
was dripped onto the different region of the coated sample surfaces and for further 
comparison, uncoated glass substrate was also subjected to this test. 
After recording the contact angle values, the average contact angle values will be 
calculated from five measurements from different points on each sample. 
Contact angle measurements were also conducted with a hydrocarbon named 
diiodomethane for determination of surface oleophobicity of the coated samples. 
Several diiodomethane drops were dripped onto the different region of the coated 
sample surfaces and for further comparison, uncoated glass substrate was also 
subjected to these measurements. 
After the measurement of contact angle values, the average contact angle values of 
five measurements will be calculated for each sample for determining surface 
oleophobicity.  
Contact angle measurements were also performed for all coating formulations in 
order to evaluate the effect of various curing conditions on coated surface behavior. 
For this purpose contact angle values of eighty different samples were measured 
including sixteen different curing conditions and five different types of coating 
formulation. 
3.4.2.2 Surface free energy calculations 
Surface free energy of the coated samples was determined by means of contact angle 
measurements with several probe liquids such as deionized water, diiodomethane and 
glycerol (Merck Co.). All measurements were conducted at laboratory condition 
(22°C). For all measurements, disposable syringes (Carl Roth GmbH) with a volume 
of 1 mL were used and the liquids (deionized water, diiodomethane and glycerol) 
were dripped onto the coated surfaces via blunt end disposable syringe with 22' 
gauge. Five drops for all liquids were dripped on the surfaces and then arithmetically 
mean was calculated for each probe liquids.  
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All coated surfaces was rubbed and cleaned with ethanol (technical grade, 96%) as 
mentioned in previous section. 
Young’s and Owen-Wendt equations (equation 2.8) were used together for 
calculating surface free energy of each sample. Polar, dispersive and total surface 
energies of the test liquids were approximately obtained from the literature as 
presented in the following table and these values were substituted into Young’s and 
Owen-Wendt equations (Mittal, 2008; Mittal, 2009a; Mittal, 2009b;  Carre, 2007; 
Wei and Zhung, 2012; Sameer et al., 2009; Fan and Lee, 2007; Urszula, 2012). 
Surface energy of these probe liquids are given in Table 3.2.  
Table 3.2 : Surface energies of probe liquids. 
Probe liquids γS
P
 (mJ/m
2
) γS
D
 (mJ/m
2
) γS (mJ/m
2
) 
DIW 53.6 18.7 72.3 
Diiodomethane 2.3 48.5 50.8 
Glycerol 36.9 28.3 65.2 
3.4.2.3 Transmission, haze and clarity measurements 
Transmission, haze and clarity measurements of coated samples were conducted at 
laboratory temperature, 22°C. According to ASTM E 284-12 test standard, total 
transmittance of the material is defined as the ratio of the total light transmittance of 
the sample over the light coming towards the sample. This test standard was 
considered as a guide and a method which is similar to the test procedure mentioned 
in this test standard were applied (ASTM E 284-12). 
Haze is defined as being the scattering of light by a specimen responsible for the 
apparent reduction in contrast of objects viewed through it according to ASTM E 
284-12 test standard. 
Clarity is also defined according to ASTM E 284-12 test standard. It is an optical 
property that enables to be able to see the objects behind the sample.   
In this study, transmission, haze and clarity measurements were performed for three 
coated samples and uncoated samples considering these definitions according to 
above mentioned test standards. 
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3.4.3 Mechanical tests 
For determining mechanical and optic properties of the coated glass samples, 
transmission, haziness, clarity, scratch, abrasion measurements and resistance against 
chemicals and adhesion tests were conducted. 
3.4.3.1 Adhesion test 
Adhesion test were conducted on coated samples by using ASTM D3359-09 test 
standard as a guide and a method which is similar to the test procedure mentioned in 
this test standard were applied. 4.0 cm long two type scratches (vertically and 
horizontally) were made on the coated samples’ surfaces via a sharp scalpel. 
Scratched surfaces were brushed to avoid dusting on the surfaces. The center of 
pressure sensitive tape was placed at the intersection of the two cuts with the tape 
running in the same direction as the smaller angles. The tape was smoothed by finger 
in the area of the incisions and then it was pulled quickly. The test was repeated in 
two other locations on each coated sample and the pulling of the tape from the two 
locations was repeated for three times. Then, the visual examination was carried out 
such as inspection of cut areas for removal/peeling of coating from the substrate 
(ASTM D3359-09). 
After the qualitative test, a quantitative test is performed in order to evaluate surface 
behavior by means of contact angle measurement before and after the tape test. The 
coated samples were cleaned with ethanol and after drying, the contact angle 
measurements were recorded (for deionized water and diiodomethane). The tape was 
placed to the coated surfaces and it was smoothed by finger applying pressure onto 
the samples’ surfaces. Then the tape was pulled quickly. This step was repeated three 
times on the same surfaces. At the end of the test, contact angle measurements were 
conducted and the surface behavior before and after the tape test was compared. It is 
expected to the contact angle values will not change after adhesion test. 
3.4.3.2 Scratch resistance measurement 
Scratch resistance of coated samples were measured by means of scratch resistance 
measurement equipment under several loads (from 0.1 N to 10 N) according to 
ASTM G171-03 test standard. This test standard was also considered as a guideline 
and a method which is similar to the test procedure mentioned in this test standard 
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were applied. Several scratches were applied onto the coated surface of the glass 
samples with the diamond tip of the instrument. 
Three samples were placed on the turning stage of the instrument. This stage turns 
during one cycle with the rate of 5 rpm. Several circular scratches under different 
loads were obtained on the coated samples’ surfaces. For comparison, uncoated glass 
samples were also subjected to the same test. 
At the end of the tests, scratched samples were stayed at laboratory conditions for 24 
hours. After this period, visual evaluation will be done. The circular scratch, that is 
going to disappear after staying for 24 hours, will be considered as the scratch 
resistance of the samples. 
3.4.3.3 Abrasion-scrub resistance test 
Coated surfaces were rubbed with abrasion-scrub resistance equipment for 
simulating real life surface cleaning operations. ASTM D4213-08 test standard was 
considered as a guide and harsher test conditions were applied onto the sample 
surfaces for evaluating the resistance of the coatings against heavy cleaning and 
abrasion operations for daily life usage.  
Additionally, these tests were performed both uncoated and coated samples in case of 
dry cleaning and wet cleaning (with several detergent solutions such as Pril, 
Domestos and Marc in deionized water) conditions. The aim of choosing of these 
detergents is being acidic and basic and also mostly usable cleaning agents in daily 
life. These detergent solutions comprise 50% of deionized water and 50% of cleaning 
agent for each detergent.  
3M Scotch Brite 7448 abrasive pads were used for rubbing and the surfaces were 
rubbed for 4000 cycles (1 cycle=moving forth and back of the pad) by the abrasion 
equipment. Every 1000 cycle, system was stopped and the contact angles of the 
surfaces (both coated and uncoated) were measured.  
Firstly, coated and uncoated glass samples were visually compared to examine if 
there was any scratch on the surfaces, and then, contact angle values were measured 
before and after the abrasion-scrub tests in order to perform a quantitative analysis. 
These test steps were performed as dry and wet (with detergent) rubbing operations. 
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3.4.4 Stain resistance tests (easy-to-cleanability) 
ETC coatings are known as dirt/stain repellent materials as mentioned in previous 
sections. In order to evaluate the ETC performance of the coated samples, the coated 
surfaces were stained with several food materials such as lemon juice, tomato juice, 
beef broth, red beet juice, milk, cheese juice, jam, coke and olive oil-sunflower oil 
mixture. As a matter of fact, contact angle measurements with water and 
diiodomethane are sufficient methods for determining ETC feature of the coatings. 
But, for simulating daily life usage of finishes, this test method was conducted at 
several temperatures with several soiling food materials.  
Coated and uncoated glass surfaces (10×10 cm2) are divided into eight equal squares 
by drawing a pencil. For providing the adherence of stains to the surfaces, equal 
sized felts were immersed into several food mixtures (soiling agents) and then they 
were placed on the surfaces as shown in Figure 3.10. In this figure, the numbers on 
the glass sample represent the food materials such as 1: beef broth, 2: tomato juice, 3: 
red beet juice, 4: olive oil-sunflower oil mixture, 5: coke, 6: lemon juice, 7: cheese 
juice, 8: milk, 9: jam. All samples were kept in a cooler device with a relative 
humidity of 80% at 4°C and the other set of samples were kept at a climatic chamber 
with a relative humidity of 80% at 25°C.  
 
Figure 3.10 : The felts on the coated surface that were immersed into 
soiling agents. 
Every day, the felts were immersed into the freshly prepared food mixtures and then 
placed on the same region on the samples. After five days (=1 cycle), the felts were 
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removed from the surfaces and the dried stain residues on the surfaces were rubbed 
slightly with tap water for five times. In this cleaning operation, soft side of a Scotch 
Brite sponge was used. This test was replicated for four times (4 cycle=20 days). 
After each cycle, the rubbed glass surfaces were dried and stayed for 24 hours for 
further quantitative evaluation. Then contact angle measurement results of all 
samples were recorded for further comparison (before and after test). 
3.4.5  Antibacterial efficiency tests 
Antibacterial efficiency tests were conducted at Microbiology Laboratory of 
Research and Development Directory of Arçelik A.Ş. in order to determine 
antibacterial efficiency of the coated glass samples. The test standard named JIS Z 
2801 “Antimicrobial products-test for antimicrobial activity and efficacy” was used 
to perform this test and to make further evaluation.  
E.coli and S.aureus cultures were used as target microorganism. The reduction of the 
number of these bacterial cells at log10 scale as colony forming units was calculated 
according to the test standard. Three coated and six uncoated glass samples (5.0×5.0 
cm
2
) were used in this test. Three of the uncoated glasses were also used for 
domination of initial bacterial growth on the uncoated substrates. 
This method basically involves the immersion of the samples in bacterial suspensions 
with a known concentration of bacteria for a specified amount of time, and then 
estimating the number of viable microorganisms using a specified microbiological 
technique.  
During incubation, each viable organism divides many times, forming a single 
colony. Based on the number of cfu and the dilution levels, the number of E.coli and 
S.aureus organisms after the sample immersion were estimated. In this study, the 
resulting coated glass samples were tested against gram-positive S.aureus and gram-
negative E.coli bacterial species with incubation at 38°C for 24 h. 
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4 RESULTS AND DISCUSSION 
In this study, various coating formulations that are nonfluorinated and fluorinated 
with different type of fluorosilane compounds were developed via sol-gel method. 
Additionally, several coating formulations that comprise different mol ratios of 
TEOS:MTES were prepared. These coating materials were applied onto glass 
substrates and all coated glass samples were cured. Different curing temperatures and 
durations were applied for all samples and consequently, eighty different samples 
were prepared in order to determine the optimum curing temperature and duration. 
FTIR analysis was conducted for all samples and then, contact angle measurements, 
surface free energy calculations, transmission, haze, clarity measurements, adhesion, 
scratch, abrasion resistance tests were performed for all samples. In this section, only 
contact angle measurements and surface free energy calculations were shared for all 
samples, although FTIR results were presented only for the nonfluorinated and 
fluorinated (1-1-F1-80-30') samples. However SEM-EDS, AFM, easy-to-cleanability 
and antibacterial efficiency tests were carried out for only this coating formulation 
that exhibit best hydro and oleophobic behaviors and these test results were also 
shared in this section. 
4.1 Determination of Optimum Curing Conditions of Coatings 
All coated glass sample was cured at several temperatures (60, 80, 100 and 120°C) 
for several durations (15, 30, 45 and 60 min) in order to determine the optimum 
curing temperature. In order to control the presence of cross-linking formation of 
coating materials on glass substrate, all coated samples were fully immersed into 
ethanol, methanol and acetone, and they were kept into each solvent for 48 hours. 
After this test, samples were weighed and the weight differences were compared 
considering weight values before and after the test. At the end of this test, it was 
observed that there were no weight losses only for the samples that were cured at the 
temperatures of 60, 80 and 100°C for 45, 30 and 15 min, respectively for all coating 
formulations.  
. 
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According to the above mentioned test results, it was decided that curing of the 
coated samples at 60°C for 45 min, at 80°C for 30 min and at 100°C for 15 min were 
applicable for all coating formulations. But, in order to be performed the curing 
process at an optimum test condition the temperature of 80°C and the curing duration 
of 30 minutes were preferred regarding the operating of the curing process at a lower 
temperature for a shorter curing time. In this way, energy and time savings were 
considerably provided together for curing step of the coatings. 
4.2 Evaluation of Structural, Morphological and Topological Properties 
4.2.1 FTIR analysis 
Chemical structure analysis of the coatings that are nonfluorinated (1-1-80-30') and 
fluorinated (1-1-F1-80-30') was investigated by FTIR spectroscopy using KBr disc 
method in transmission mode. The FTIR spectrums of the samples 1-1-80-30' and 1-
1-F1-80-30' were presented in Figure 4.1. 
In FTIR spectrum of the nonfluorinated sample 1-1-80-30', the broad band in OH 
stretching region is also attributed to the summation of different types of hydroxyl 
groups. The broad band in between 3200-3500 cm
-1 
indicates the presence of OH 
molecules. There are also OH groups are due the deformation of molecular water at 
around 1630 cm
-1
 and the peak at around 950 cm
-1 
may represents the silanol (Si-OH) 
groups. The presence of the band in the range of 3200-3500 cm
-1
 also indicates the 
existing of stretching vibration of Si-OH groups. The bands observed between 2800 
and 3000 cm
-1
 represent CH2 and CH3 bonds. There are also CH3 groups at around 
1390 cm
-1
 and in between 1440-1465 cm
-1
. The band at 2353 cm
-1
 also represents the 
characteristic peak of CO2. The intense band at ~1040 cm
-1
 is attributed to 
asymmetric Si-O-Si stretching vibration. Si-O-Si bonding was also observed at 564 
cm
-1
. The peak at 777 cm
-1
 indicates the presence of Si-CH3 groups due to the methyl 
rocking vibration and the Si-C stretching vibration. Si-CH3 groups were also 
centered at the most intense band at 1269 cm
-1
. 
In the FTIR spectrum of 1-1-F1-80-30' (Figure 4.1), the broad band in OH stretching 
region is also attributed to the summation of several contributions of different types 
of hydroxyl groups. The broad band centered at 3269 cm
-1
 indicates the presence of 
OH molecules (3200 and 3500 cm
-1
). The presence of the peaks in the range of 3200-
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3500 cm
-1
 also indicates the existing of stretching vibration of Si-OH groups. The 
peak at 943 cm
-1 
may also represents the Si-OH groups. The Si-OH band seen in the 
FTIR spectrum indicates that the surface hydroxyls still exist, even though the 
material shows a hydrophobic behavior. The bands observed in between 2800-3000 
cm
-1
 represent CH2 and CH3 bonds. The band at 2361 cm
-1
 also represents the 
characteristic peak of CO2. The most intense 1071 cm
-1
 band in the spectrum coating 
films is attributed to asymmetric Si-O-Si stretching vibration. Si-O-Si bonding was 
also observed at 570 cm
-1
. The peaks in between 890 and 740 cm
-1
 indicate the 
presence of Si-CH3 groups due to the methyl rocking vibration and the Si-C 
stretching vibration.  
In the coating materials prepared with fluorosilane, it is expected to accumulate 
fluorine atoms on the coated surface in order to obtain a surface with good 
hydrophobic and oleophobic behaviors together. Therefore, it can be said that CF3 
and CF2 bonds might be presence around 1300 cm
-1
. CF2 and CF3 bonds were also 
observed at around 1150 cm
-1
 (and also in the range of 1120-1350 cm
-1
) and CF3 
groups were also obtained around 1400 cm
-1
. These results are in agreement with the 
literature. (Monde et al., 1977; Monde et al., 1999; Latthe et al., 2009; Socrates, 
2004; Colthup, et al. 1990). 
 
Figure 4.1 : FTIR spectrum of coating materials (1-1-80-30' and 1-1-F1-80-30'). 
Sample: 1-1-80-30' 
 
 
 
Sample: 1-1-F1-80-30' 
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4.2.2 SEM-EDS analysis 
The SEM images and EDS analysis results of coated (1-1-F1-80-30') and uncoated 
glass surfaces were presented in Figure 4.2 and Figure 4.3. This SEM image was 
taken by magnifying 500 times of images with 15 kV. 
   
Figure 4.2 : SEM images of uncoated (a) and 1-1-F1-80-30' coated (b) 
glass samples. 
According to SEM images of the samples it can be said that this transparent coating 
material did not change the glass substrate appearance after coating application and 
the surface of glass substrate was still smooth although been coated. 
 
Figure 4.3 : EDS analysis of uncoated and 1-1-F1-80-30' coated glass 
samples.  
It can be seen from the EDS analysis that the coated substrate surface (1-1-F1-80-
30') contained higher amount of Si element that comes from TEOS, MTES, 
fluorosilane and also glass substrate. It is also an expectable result that substrate 
surfaces chemical composition (coating solution deposited on) have higher amount 
1-1-F1-80-30' Uncoated 
(a) (b) 
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of Si (52.1%) in comparison to other expectable elements in EDS analysis. F 
elements are also observed on 1-1-F1-80-30' coating solution that was deposited on 
the substrate. F elements come from fluorosilane compound in the bulk coating 
solution (1.0%). These findings indicate that the bulk coating solution of 1-1-F1-80-
30' is able to give easy-to-clean feature to the substrate through the agency of F 
elements.  
It is observed that substrates’ surfaces contain 1.2% of Zn element in EDS analysis 
results. According to EDS findings, it can be said that the coated substrates could 
achieve the antibacterial effect thanks to Zn element on its surface that came from 
the antibacterial agent, ZnO suspension.  
4.2.3 AFM analysis 
For sake of completeness, it should be noted that not only surface chemical 
compositions but also the surface roughness of the coating might be a key parameter 
for the development and control of hydrophobic and oleophobic (ETC) surfaces. For 
this purpose, the surface topology of 1-1-F1-80-30' coating was investigated 
qualitatively by means of AFM instrument. AFM images of coated samples were 
recorded as in Figure 4.4.  
Cross sectional and top view images were taken in order to surface topology 
evaluation of the coated glass samples. Not only surface region analysis was 
performed but also surface roughness was estimated qualitatively by evaluating the 
AFM pictures.  
The images were recorded at 10×10 μm2 planar in tapping mode. According to AFM 
images it can be said that roughness was formed on the ETC coated glass samples 
and these rough structures are also well distributed on the coating surface. Unlike 
there was not any roughness on the uncoated glass sample’s surface. These 
formations on the coated samples give the dirt repellency feature (easy-to-
cleanability) to the surfaces and the contact area between solid and liquid on this 
kind of surfaces is increased by roughness on the coated surfaces.  
On the other hand, it can be also observed that the coated samples had 
nanoroughness on the surfaces. Coating thickness was also estimated as at nano scale 
in consideration of nanoroughness measurements on the AFM images. 
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Figure 4.4 : AFM images of uncoated and 1-1-F1-80-30' coated glass samples.
 
Uncoated glass 
 
Sample: 1-1-F1-80-30'  
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According to these observations from AFM investigation, it can be said that the 1-1-
F1-80-30' coated sample exhibit easy-to-clean feature with the help of its surface 
topology. 
4.3 Determination of Surface Properties of the Coatings 
4.3.1 Contact angle measurements 
Before contact angle measurements, coated glass samples were cured at several 
temperetures in order to evaluate the effect of curing temperature on contact angle 
values of the surfaces. Figure 4.5 indicates that the higher curing temperature values 
cause decreasing of contact angle values (for 30 min curing duration) and the curing 
operation at 60°C for 30 min is also unsufficient to achieve surface hydrophobicity. 
Therefore, for lower curing temperatures, the curing time should be extended and for 
higher curing remperatures, the curing time should also be shorten to achieve better 
hydro and oleophobicity. Contact angle values of the samples that were cured at 
several process conditions were presented in appendix section. 
Contact angle values that are smaller than 90° indicate surface hydrophilicity and 
these results were presented in appendix section for all coating formulation. 
Therefore, the samples that were cured at 80°C for 30 min were preferred for further 
tests due to having the highest contact angle values for both water and diidomethane. 
 
Figure 4.5 : Effects of several curing temperatures on contact angle 
values of 1-1-F1-X-30' sample (X: 60, 80 100, 120°C). 
Contact angle measurements were conducted with deionized water and 
diiodomethane to determine the easy-to-clean feature of the coated surfaces. For each 
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sample, at least five contact angle values were measured to get the average contact 
angle value (Table 4.1).  
Table 4.1 : Contact angle measurements with deionized water of coated 
glass samples (cured at 80°C for 30 min). 
Samples θW (°) Surface property 
1-1-80-30' 67.2 Hydrophilic 
1-1-F1-80-30' 97.6 Hydrophobic 
1-1-F3-80-30' 89.8 ~ Hydrophobic 
1.5-1-F1-80-30' 84.3 Hydrophilic 
1-1.5-F1-80-30' 89.0 Hydrophilic 
Uncoated glass 39.2 Hydrophilic 
Water contact angle value of nonfluorinated coating that comprises 1:1 mol ratio of 
TEOS:MTES (sample 1-1-80-30') was measured about 67° that indicated the 
nonsufficient surface behavior for achieving hydrophobicity.  
Deionized water contact angle value of 1-1-F1-80-30' coated glass sample was found 
97.6° and it can be said that the coated glass sample surfaces were hydrophobic due 
to having a contact angle value of larger than 90°, whereas the uncoated glass 
samples were specified as hydrophilic. Water contact angle value of 1-1-F3-80-30' 
coated glass sample was found 89.8° and it can be assumed that it was hydrophobic, 
because its contact angle value is closed to 90°.  Contact angle values of 1-1-F1-80-
30' and 1-1-F3-80-30' coated glass samples are considerable different. Dynasylan 
F8263 type of fluorosilane exhibits less hydrophobic reagent in its composition, due 
to being diluted version of Dynasylan F8261. Therefore, the sample coated with1-1-
F3-80-30' exhibits smaller contact angle value than that of 1-1-F1-80-30'. It can be 
said that the incorporation of Dynasylan F8261 into a coating solution is more 
preferable for obtaining surfaces that comprise enhanced hydrophobicity. 
Diiodomethane contact angle value of the sample 1-1-80-30' was measured about 
49.4° that indicated the nonsufficient surface behavior for achieving oleophobicity. 
Diiodomethane contact angle value of 1-1-F1-80-30' glass sample was also found 
72.2°. According to Table 4.2, it can be said that the surface of 1-1-F1-80-30' coated 
glass samples was oleophobic comparison to θD values of 1-1-F3-80-30' coated and 
uncoated glasses (50.3° and 41.4°, respectively).  
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Table 4.2 : Contact angle measurements with diiodomethane of glass 
samples (cured at 80°C for 30 min). 
Samples θD (°) Surface property 
1-1-80-30' 49.4 Oleophilic 
1-1-F1-80-30' 72.2 Oleophobic 
1-1-F3-80-30' 50.3 Oleophilic 
1.5-1-F1-80-30' 66.1 Oleophilic 
1-1.5-F1-80-30' 75.0 Oleophobic 
Uncoated glass 41.4 Oleophilic 
Therefore 1-1-F3-80-30' coated and uncoated glass samples can be specified as 
oleophilic due to having low contact angle values of hydrocarbon liquid 
(diiodomethane). The images of deionized water and diiodomethane droplets on 
uncoated and coated glass samples were presented in Figure 4.6. 
 
Figure 4.6 : Water and diiodomethane droplets on uncoated and coated 
glass samples. 
Diiodomethane contact angle values of 1-1-F1-80-30' and 1-1-F3-80-30' coated glass 
samples are considerable different. As mentioned earlier, Dynasylan F8263 type of 
fluorosilane exhibits less oleophobic reagent (fluorosilane) in its composition due to 
being diluted version of Dynasylan F8261. Therefore, the sample coated with 1-1-
F3-80-30' exhibit smaller diiodomethane contact angle value than that of 1-1-F1-80-
30'. It can be said that incorporation of Dynasylan F8261 is more preferable for 
obtaining surfaces that comprise enhanced oleophobicity. 
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These results also indicate that using of fluorosilane compound in coating 
formulation could increase both hydrophobic and oleophobic behaviors of the 
coatings comparing to the contact angle values of nonfluorinated samples. 
Fluorosilane usage can affect both physical and chemical properties of coated 
samples’ surfaces. Because, fluorosilane compounds have long fluorocarbon chain 
that helps to form surface roughness of coated samples and due to having CF2 and 
CF3 groups, surface free energy of the coated samples were decreased and 
consequently easy-to-cleanability feature were achieved. 
The contact angle values of the samples were measured 84° and 66° for 1.5-1-F3-80-
30' and also measured 89° and 75° for 1-1.5-F1-80-30' relative to deionized water 
and diiodomethane, respectively. The coating that was prepared with 1:1.5 mol ratios 
has higher contact value (better water repellency) comparing to that of other coating 
formulation (1.5:1). These results indicate that increasing amount of MTES increased 
the contact angle value and this situation can be also explained by means of CH3 
groups’ (in MTES) contribution to the water repellency feature of the coating. 
However, these contact angle results do not fulfill the expectations for achieving 
good hydro and oleophobic effects together. 
According to the experimental results, it can be said that the coating formulation that 
contains TEOS and MTES with a mol ratio of 1:1 and Dynasylan F8261 was more 
efficient for achieving enhanced hydro and oleophobic surface on glass substrates. 
However, it should be noted that the better curing conditions should be the 
temperature of 80°C and the duration of 30 min for this coating composition. 
Contact angle values that are obtained from the samples (for all coating formulation) 
that were cured at several temperatures (60, 80, 100, 120°C) for several curing time 
(15, 30, 45, 60 min) were presented in appendix section. 
4.3.2 Surface free energy measurements 
Contact angle measurements of several probe liquid (deionized water, diiodomethane 
and glycerol) were conducted on coated glass surfaces in order to calculate surface 
free energy of the coated samples. 
A straight line was obtained by plotting {[(1+cosθ)/2]/(γLV /    
 )} against     
     
   
for three liquids according to equation 2.8 (Figure 4.7). The square of the slope is the 
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polar part,   
  and the square of the intercept is the dispersive part,   
 . Total surface 
free energy of the coated surfaces was calculated by summing of polar and dispersive 
surface free energies of the samples.  These results that belong to the samples that 
were cured at 80°C for 30 min were presented in Table 4.3 and the other results 
depending on various curing conditions were given in appendix section. 
Table 4.3 : Surface free energies of glass samples (cured at 80°C for 30 
min). 
Samples γS (mJ/m
2
) 
1-1-80-30' 40.8 
1-1-F1-80-30' 22.9 
1-1-F3-80-30' 35.9 
1.5-1-F1-80-30' 26.8 
1-1.5-F1-80-30' 23.5 
Uncoated glass 55.7 
Surface free energy of the nonfluorinated sample (1-1-80-30') was calculated as 40.8. 
This value should be approximately between 20-40 mJ/m
2
 in order to obtain a low 
surface energy for both hydrophobic and oleophobic surfaces and it was indicated 
that the coated surface that comprises 1-1-F1-80-30' coating material exhibits the 
lowest surface free energy value, 22.9 mJ/m
2
 (Figure 4.7). These results indicate that 
fluorosilane usage in coating material could decrease the surface free energy and 
consequently provided easy-to-cleanability. 
Additionally, the surface free energy value of uncoated glass was found 55.7 mJ/m
2
 
which indicated that the surface had higher surface free energy value and it could be 
specified as hydrophilic comparing to coated glass samples. These surface free 
energy measurement results are in agreement with literature (Jiang and Feng, 2010; 
Aegerter and Mennig, 2004; Sheen et al., 2009). 
Surface free energy values of 1-1-F1-80-30' and 1-1-F3-80-30' coated glass samples 
are considerable different. Dynasylan F8263 type of fluorosilane exhibits less hydro 
and oleophobic reagents in its composition, due to being diluted version of 
Dynasylan F8261. Therefore the sample coated with 1-1-F3-80-30' exhibits larger 
surface free energy value than that of 1-1-F1-80-30'. It can be said that incorporation 
of Dynasylan F8261 into coating composition is more preferable for obtaining 
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surfaces that comprise lower surface free energy which gives better hydro and 
oleophobic behaviors to the coating solution.  
 
Figure 4.7 : Surface free energy values of coated and uncoated glass 
samples. 
4.3.3 Transmission, haze and clarity measurements 
Firstly, visual evaluation was conducted before performing of transmission, haze and 
clarity measurement. Uncoated and coated samples were visually compared with 
respect to their appearances and it was decided that there was not any difference 
between uncoated and coated glass samples. 
Secondly, transmission, haze and clarity measurement of the samples that were 
coated with transparent coating were performed in order to evaluate optical 
characteristics of the coatings (Table 4.4). In these measurements, it was aimed to 
control the substrate appearance before and after coating application. For this 
purpose, uncoated glass samples were also used for further comparison. 
Table 4.4 : Transmission, haze and clarity measurement results. 
Samples Transmission (%) Haze (%) Clarity (%) 
1-1-F1-80-30' 71.7 0.7 99.6 
Uncoated glass 72.0 0.3 99.8 
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It can be seen from Table 4.4 that coated glass samples were still transparent and 
they did not lose their clarity although they were coated. Haze of the glass was 
slightly increased, but it was still under haze of 1%. These results indicated that the 
coating solutions prepared in this study does not change the original appearance of 
glass substrates. 
4.4 Mechanical Test Results 
4.4.1 Adhesion test 
Adhesion property of the sample 1-1-F1-80-30' was tested via tape test. Quantitative 
and qualitative analyzes were conducted by means of visual evaluation and the 
contact angles measurements of the samples. 
Firstly, scratched surface of the samples were analyzed visually and it was controlled 
that if there were any peeling of the coating from the sample surfaces. It was 
observed that there was no peeling on 1-1-F1-80-30' surfaces.  
Adhesion test was also conducted without any scratching and just applying tape on 
the surfaces. The contact angle values before and after tests were recorded for 
deionized water and diiodomethane. 
According to the test results, it can be said that there was not any changing of contact 
angle values between before and after the adhesion tests and the surfaces was able to 
preserve their surface behavior.  In consequence of these test, it can be indicated that 
1-1-F1-80-30' coating had good adhesion to the glass substrate. 
4.4.2 Scratch resistance  
After some circular scratches had been applied onto the glass sample surfaces under 
several loads, samples were kept at laboratory conditions (22°C) for 24 hours. After 
that, the disappeared circular scratch determined and it was considered as the scratch 
resistance of the samples. 
The scratch resistance was found 10 N for the coated (1-1-F1-80-30') glass sample 
although the scratch resistance of the uncoated tempered glass was larger than 10 N. 
This result should be tolerable and the coated glass samples can be specified as 
scratch resistant. 
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4.4.3 Abrasion-scrub resistance 
Abrasion-scrub resistance tests were performed as described in experimental part. 
After the test, it was observed that there were no scratches on the coated samples 
although there were some scratches on the uncoated sample.  
In contact angle measurements, there were small reductions in contact angle values 
after abrasion-scrub test with several detergent solutions. But these reductions can be 
tolerated, because the sample 1-1-F1-80-30' is still hydrophobic (θW>90°) although it 
was exposed to abrasion test for 1000 cycles with several abrasive detergents. The 
sample 1-1-F1-80-30' can be also accepted as oleophobic comparing to uncoated 
glass after abrasion-scrub tests according to Table 4.5. 
Table 4.5 : Contact angle measurements before and after abrasion, scrub 
resistance test (with 50% solution of some detergents). 
Test liquid 
 
Samples θ (°) after 1000 cycles 
Before Dry Pril Domestos Marc 
Deionized water 
1-1-F1-80-30' 97.6 94.0 96.2 94.1 94.7 
Uncoated glass 39.2 34.3 35.9 34.4 34.2 
Diiodomethane 
1-1-F1-80-30' 72.2 69.4 69.2 69.4 68.0 
Uncoated glass 41.4 35.1 36.5 33.4 32.5 
Samples were also subjected to abrasion-scrub test with Domestos bleach for 4000 
cycles. Contact angle values were recorded after each cycle. After 4000 cycles, it 
was observed that the contact angle values did not change anymore as presented in 
Figure 4.8 and Figure 4.9. 
The reductions of contact angle values of the sample 1-1-F1-80-30' after 4000 cycles 
are tolerable, because the sample is still hydrophobic and oleophobic. 
It should be emphasized that 1-1-F1-80-30' coated sample had better abrasion-scrub 
resistance in comparison to uncoated glass sample and both of them were long-
lasting although they were exposed to abrasion-scrub test for 4000 cycles comparing 
to uncoated glass samples. This coating is also chemical resistant against several 
acidic and basic detergents. 
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Figure 4.8: The effect of abrasion-rubbing cycle (with 50% detergent 
solution) on water contact angle. 
 
Figure 4.9 : The effect of abrasion-rubbing cycle (with 50% detergent 
solution) on diiodomethane contact angle. 
4.5 Determination of Easy-to-Clean Efficiency 
Samples (1-1-F1-80-30' and uncoated glass) were subjected to soiling test in climatic 
chamber (25°C, 80% RH) and cooler (4°C, 80% RH) in order to evaluate easy-to-
clean efficiency of the surfaces. This test was continued for 20 days that corresponds 
to four cycles (1 cycle=5 days). The numbers on the glass sample represent the food 
materials such as 1: beef broth, 2: tomato juice, 3: red beet juice, 4: olive oil and 
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sunflower oil mixture, 5: coke, 6: lemon juice, 7: cheese juice, 8: milk, 9: jam 
(Figure 4.10 and Figure 4.11). After the test, qualitative and quantitative evaluations 
were conducted.  At the end of 1
st
 and 4
th
 cycles, the felts (soiled with food mixtures) 
were removed from glass surfaces and their photos were taken. Then the photos of 
rubbed samples were taken and visual evaluation was performed as presented in 
Figure 4.10 and Figure 4.11. 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
    
Figure 4.10 : Easy-to-cleanability test results of coated and uncoated samples in 
climatic chamber, (a) before and (b) after rubbing. 
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Figure 4.11 : Easy-to-cleanability test results of coated and uncoated samples in 
cooler (a) before and (b) after rubbing. 
According to Figure 4.10 and Figure 4.11, it can be said that the coated samples are 
still easy-to-clean even at room temperature (25°C) and 4°C. It is also exhibited in 
the figures that the food residues could be removed easily from coated glass (1-1-F1-
80-30') although it was rubbed for only five times without using any detergent. In 
other words, there are no food residues on the coated surfaces although it was 
exposed to 20 days soiling-aging test in both climatic chamber and cooler. These 
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coated samples were not affected by lower temperature (4°C) and higher humidity 
(RH 80%). 
However the uncoated glass samples were failed in this test exhibiting weak 
cleanability feature.  It was seen in the figures that both dried tomato juice and milk 
residues could notably seen on the uncoated glass sample although they were rubbed 
for five times. Especially the uncoated sample that was kept in climatic chamber for 
soiling and aging has the worst cleanability behavior. 
For quantitative evaluation, contact angle values of both water and diiodomethane 
were measured at the end of 1
st
 and 4
th
 cycle as presented in Table 4.6. At the end of 
this test, no contact angle reduction was observed according to contact angle 
measurement of both deionized water and diiodomethane. It means that the coated 
glass samples (1-1-F1-80-30') do not lose their hydro and oleophobicity (easy-to-
cleanability) even after soiling and aging tests.  
Table 4.6 : Contact angle measurements after stain resistance (easy-to-
cleanability) tests. 
Test liquid Sample Before 1
st
 cycle 4
th
 cycle 
Deionized water 
1-1-F1-80-30' 97.6 97.3 97.1 
Uncoated glass 39.2 39.2 37.5 
Diiodomethane 1-1-F1-80-30' 72.2 72.1 72.1 
  Uncoated glass 41.4 41.2 40.0 
4.6 Determination of Antibacterial Efficiency 
After antibacterial efficiency tests, it was observed that coated glass had better 
antibacterial activity compared to uncoated glass. The log reduction values of the 
number of the bacteria were calculated and log 3.4 and log 2.2 were found against 
E.coli and S.aureus, respectively (Figure 4.12). It is acceptable that the log reduction 
value of the number of the bacteria should be at least log 2 in order to be defined as 
antibacterial material according to JIS Z 2801 test standard. The test results are in 
agreement with this test standard. 
For correlating between EDS analysis and antibacterial efficiency test results, it 
should be emphasize that small amount of ZnO (0.001 of whole coating solution) 
that were incorporated into coating solution could exhibit remarkable antibacterial 
activity. By incorporation of small amount of ZnO solution (comprising nano 
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particle) into coating solution, it is possible and efficient to be created antibacterial 
effect against E.coli and S.aureus bacteria on the coated glass surfaces.  
 
Figure 4.12 : After antibacterial activity test of coated and uncoated 
samples against E.coli and S.aureus. 
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5. CONCLUSION 
Polymeric coatings, due to their wide variety of features such as offering highly 
tailored products, improving surface properties, creating innovative multifunctional 
surfaces and many others, are mostly preferred in coating industry. Lots of polymeric 
materials can be used as coatings such as polypropylene, polyvinyl chloride, 
polyurethane, polyester-melamine epoxy, silicon, and many others. Especially, thin 
film polymeric coatings are commonly preferred due to improving capability of 
surfaces’ mechanical properties and gaining new features to the surfaces. Thin film 
coatings can be obtained by means of several techniques such as CVD, PVD and sol-
gel methods. 
Both hydrophobicity and oleophobicity should be achieved in coating material in 
order to obtain an easy-to-clean surface. For this purpose, in this thesis various 
multifunctional polymeric thin film coating materials that are nonfluorinated and 
fluorinated with different type of fluorosilane compounds were developed via sol-gel 
method for investigating the effect of fluorosilane usage in coating formulation. 
Additionally, several coating formulations that comprise different mol ratios of 
TEOS:MTES were prepared in order to investigate the effect of different mol ratios 
of TEOS and MTES on surface hydro and oleophobicity.  
The reason of fluorosilane usage is to decrease the surface free energy of the coated 
material. TEOS was preferred to provide hardness and form a network in the coating 
material, whereas MTES was used to provide partial flexibility with its three ethoxy 
groups and water repellency with its methyl groups.  
These coating materials were applied onto glass substrates via spin coating method 
and all coated glass samples were cured. Different curing temperatures (60, 80, 100 
and 120°C) and durations (15, 30, 45 and 60 min) were applied for all samples and 
consequently, eighty different samples were prepared in order to determine the 
optimum curing temperature and duration. 
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After curing operation, cross-linking completion on coated glass samples was tested 
by solvent immersion method and coated samples were fully immersed into ethanol, 
methanol and acetone. They were kept into these solvents for 48 hours and it was 
proved that the crosslinking was completed for the samples that were cured at the 
temperatures of 60, 80 and 100°C for 45, 30 and 15 min, respectively. 
According to these test results, it was decided that above mentioned curing 
conditions were applicable for all coating formulations. However, in order to carry 
out the curing process at an optimum test condition, the temperature of 80°C and the 
curing duration of 30 minutes were preferred regarding the operating of the curing 
process at a considerably lower temperature for a shorter curing time. In this way, 
energy and time savings were approximately provided together during curing 
process. 
The characteristic peaks of network formation (Si-O-Si) and the bands representing 
hydro and oleophobicity of the coating material such as Si-CH3, CF2 and CF3 groups 
were observed in FTIR spectrum. These observations are in agreement with the 
literature. 
For SEM-EDS analysis, it can be said that there were Si, F and Zn elements on the 
coating surfaces although small amount of fluoroalkylsilane compound was 
incorporated into coating preparation system. This result indicates that incorporation 
of fluoroalkylsilanes into coating solution, could exhibit good hydro and 
oleophobicity even in small amount usage.  
It should be noted that not only surface chemical compositions but also surface 
roughness of a coating was a key parameter for obtaining both hydrophobic and 
oleophobic surfaces. For this purpose, the surface topology of the coated glass was 
evaluated qualitatively by means of AFM analysis. According to AFM images of the 
coated surface, it can be said that rough structures were formed on the coated glass 
and these rough structures are well distributed on the coated sample. It cannot be 
seen any rough structures on the uncoated glass. According to AFM analysis it was 
deduced that, easy-to-cleanability feature could also be provided on the glass surface 
thanks to the rough surface feature. It was also deduced from AFM images that the 
coating material might be considered as a thin film coating depending on its nano 
roughness. 
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Evaluation of easy-to-clean performances of different coating formulations was 
conducted via contact angle measurements and surface free energy calculations. The 
coating formulation that has the highest contact angle value and the lowest surface 
free energy should be considered as the most appropriate formulation for achieving 
both hydro and oleophobicity (easy-to-cleanability). In this study, the most 
appropriate coating material was specified as the coating that contains TEOS, MTES 
and fluorosilane compound. 
The reason behind the preference of the most sufficient coating formulation can be 
explained with the effect of fluorinated carbon chains in fluoroalkylsilane compound 
in coating composition. These fluorinated carbon chains can also provide 
oleophobicity with their fluorocarbon groups and long fluorocarbon chains also helps 
roughness formation on the coated surface resulting in hydrophobicity. 
Consequently, surface free energy of the coated material can be decreased with the 
aid of fluorosilanes resulting in better hydro and oleophobicity. On the other hand, in 
this study, it was also investigated that containing higher amount of fluorosilane 
could also positively affect the easy-to-cleanability of the coating material. 
TEOS:MTES mol ratio can also affect the coating’s hydro and oleophobicity. In this 
study, it was observed that increasing amount of MTES relative to that of TEOS 
decreases the surface free energy and also increases hydro and oleophobic behavior 
of the coating. In other words, the coating that was prepared with mol ratio of 1:1.5, 
has higher contact angle value (better water repellency) compared to that of other 
coating formulation (1.5:1). This situation can be explained by means of CH3 groups’ 
(in MTES) contribution to the water repellency feature of the coating. According to 
these results, the most appropriate coating material was specified as the coating that 
contains TEOS, MTES with a mol ratio of 1:1 and higher amount of fluorosilane 
compound. 
Contact angle measurements and surface free energy calculations were also 
performed to evaluate the suitability of above mentioned curing conditions 
(temperatures of 60, 80 and 100°C for 45, 30 and 15 min, respectively). The highest 
contact angle value relative to both deionized water and diiodomethane and the 
lowest surface free energy were obtained within these curing conditions resulting in 
considerably better easy-to-cleanability. It can be conclude that the determination of 
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the most appropriate curing conditions is very essential and it should be take into 
account in order to achieve desired surface properties. 
Transmission, haze and clarity properties are very essential for glass as a transparent 
substrate. Transmission, haze and clarity measurements of the coated glass samples 
are same with that of uncoated glasses. This means that coating application did not 
change the original optical properties of glass substrates. 
In this study, a good adhesion between coating and glass substrate was obtained. This 
result can be explained by the Si-O-Si network formation between coating material 
and glass substrate.  
The coated sample that exhibit best hydro and oleophobicity is also scratch and 
abrasion resistant and it can also resist abrasion by scrubbing the surfaces with 
widely used detergents (acidic and basic) and also by dry rubbing as well.  
According to test results of both solvent (ethanol, methanol and acetone) immersion 
and wet abrasion-scrub resistance tests, it can be concluded that the coated samples 
are chemically resist due to having high bonding strength of Si-O-Si bonds existing 
through good cross-linking. 
In soiling test, it was easier to remove dried food residue from the easy-to-clean glass 
surface unlike uncoated glass. The easy-to-clean coating that was developed within 
this thesis is also efficient both at 4°C and 25°C in soiling tests. This result presents 
that the potential usage of this coating at lower and room temperatures and this result 
also proves that coated samples still have easy-to-clean feature even aging in several 
temperatures. It can be conclude that the cleaning operation on easy-to-clean surfaces 
is a labor saving feature and also environmental friendly eliminating detergent usage 
in cleaning operations.  
According to antibacterial efficiency tests, it can be said that the coated glass had 
antibacterial effect with the log reduction values of 3.4 and 2.2 against E.coli and 
S.aureus, respectively compared to uncoated glass. For correlating between EDS 
analysis and antibacterial efficiency test results, it should be emphasize that small 
amount of Zn that was observed in EDS analysis is adequate to be created 
antibacterial effect on the coated surface. 
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APPENDIX A.1 : Effects of several curing temperatures and times on hydrophobic 
and oleophobic behavior of the coatings  
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APPENDIX A.1 
 
Figure A.1 : Effects of several curing temperatures on contact angle 
values of 1-1-X-30’ sample (X: 60, 80 100, 120°C). 
 
Figure A.2 : Effects of several curing temperatures on contact angle 
values of 1-1-F3-X-30’ sample (X: 60, 80 100, 120°C). 
  
Figure A.3 : Effects of several curing temperatures on contact angle 
values of 1.5-1-F1-X-30’ sample (X: 60, 80 100, 120°C). 
20 
40 
60 
80 
100 
120 
40 60 80 100 120 140 
C
o
n
ta
ct
 a
n
g
le
 (
°)
 
Curing temperature (°C) 
Water 
Diiodomethane 
20 
40 
60 
80 
100 
120 
40 60 80 100 120 140 
C
o
n
ta
ct
 a
n
g
le
 (
°)
 
Curing temperature (°C) 
Water 
Diiodomethane 
20 
40 
60 
80 
100 
120 
40 60 80 100 120 140 
C
o
n
ta
ct
 a
n
g
le
 (
°)
 
Curing temperature (°C) 
Water 
Diiodomethane 
100 
 
 
Figure A.4 : Effects of several curing temperatures on contact angle 
values of 1-1.5-F1-X-30’ sample (X: 60, 80 100, 120°C). 
Table A.1 : Contact angle measurements with deionized water of coated 
glass samples (cured at 60°C for 45 min). 
Samples θW (°) Surface property 
1-1-60-45' 68.2 Hydrophilic 
1-1-F1-60-45' 95.8 Hydrophobic 
1-1-F3-60-45' 89.1 Hydrophilic 
1.5-1-F1-60-45' 83.7 Hydrophilic 
1-1.5-F1-60-45' 88.6 Hydrophilic 
Table A.2 : Contact angle measurements with diiodomethane of coated 
glass samples (cured at 60°C for 45 min). 
Samples θD (°) Surface property 
1-1-60-45' 49.3 Oleophilic 
1-1-F1-60-45' 70.1 Oleophobic 
1-1-F3-60-45' 51.3 Oleophilic 
1.5-1-F1-60-45' 59.3 Oleophilic 
1-1.5-F1-60-45' 71.5 Oleophobic 
Table A.3 : Contact angle measurements with deionized water of glass 
samples (cured at 100°C for 15 min). 
Samples θW (°) Surface property 
1-1-100-15' 67.0 Hydrophilic 
1-1-F1-100-15' 94.5 Hydrophobic 
1-1-F3-100-15' 88.3 Hydrophilic 
1.5-1-F1-100-15' 83.6 Hydrophilic 
1-1.5-F1-100-15' 88.1 Hydrophilic 
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Table A.4 : Contact angle measurements with diiodomethane of glass 
samples (cured at 100°C for 15 min). 
Samples θD (°) Surface property 
1-1-100-15' 48.9 Oleophilic 
1-1-F1-100-15' 71.0 Oleophobic 
1-1-F3-100-15' 50.1 Oleophilic 
1.5-1-F1-100-15' 66.3 Oleophilic 
1-1.5-F1-100-15' 70.0 Oleophobic 
Table A.5 : Surface free energies of glass samples (cured at 60°C for 45 
min). 
Samples γS (mJ/m
2
) 
1-1-60-45' 40.7 
1-1-F1-60-45' 23.8 
1-1-F3-60-45' 35.6 
1.5-1-F1-60-45' 29.4 
1-1.5-F1-60-45' 26.4 
Table A.6: Surface free energies of glass samples (cured at 100°C for 15 
min). 
Samples γS (mJ/m
2
) 
1-1-100-15' 41.0 
1-1-F1-100-15' 23.1 
1-1-F3-100-15' 35.8 
1.5-1-F1-100-15' 27.2 
1-1.5-F1-100-15' 26.7 
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